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PALEONTOLOGY IN THE POST-WAR WORLD 


BY B. F. HOWELL 
(Address as Retiring President of the Paleontological Society) 


The past century has been a period of progress and expansion for the science of 
paleontology. This progress and expansion are being temporarily halted by the 
war. But with the return of peace they can again proceed. How fast and how 
wisely paleontology will develop in post-war days will depend largely on the paleontol- 
ogists themselves. And to a great degree it will depend on the wisdom, foresight, 
ideals, ability, energy, and willingness to co-operate of the paleontologists of North 
America and on the success with which they adapt themselves to post-war conditions. 

From our study of the life of the past we paleontologists have learned that those 
races of organisms which have best adapted themselves to the environments in which 
they lived have been most successful and most prosperous. But the adaptations 
of these ancient animals and plants have been unconscious ones. We, as reasoning 
human beings, can adapt ourselves and make our plans consciously if we are wise. 
But the results are the same in bota cases. If we are to make the most of the pos- 
sibilities for ourselves and for our science that will be open to us in the years ahead we 
must try to predict now what our future environment will be and be prepared to 
make the most of the opportunities that it will afford. 

What is this environment going to be like, and how can we live and work most 
successfully in it? What kind of a world shall we and our immediate successors 
be required to live in after the war? 

The post-war world will be a better one for us in some respects and a poorer one 
in others. It will probably be a relatively peaceful world for the next two geriera- 
tions, but it will be a much poorer world financially, at least for North Americans, 
for we North Americans and our children and grandchildren will have to pay for this 
very costly conflict, and the wealth of natural resources per capita will probably 
never again be as great on this continent as they have been in the past. To a con- 
siderable degree this condition will be true also for the nations of the rest of the 
world. Because of our recently acquired knowledge of how to discover and use 
the natural treasures of the Earth—a knowledge that we have secured through 
scientific research—we have already skimmed off the cream of our resources and 
we must therefore live hereafter on the milk alone. 

However, if our children and grandchildren are individually poorer in material 
things, there will probably be compensations that will aid us in the development 
of the sciences. The world will, we hope, be at peace, so that we and our sons 
and their sons and grandsons will not have to leave our laboratories for the fields 
of war. The nations will be more internationally minded, more closely knit and 
more tightly bound by easier and swifter means of travel and communication than 
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in the past, and more of the world will be occupied by civilized peoples living under 
democratic forms of governments and enjoying the benefits of a better knowledge of 
medicine and hygiene. For those of us to whom English is the mother tongue there 
will be the advantage that our language will be more widely used than ever before, 
More of the Earth will have been explored, and we shall have a more complete 
picture of its geography, life, and history. We shall have much larger collections 
of its fossils in our museums. We shall undoubtedly have a fuller knowledge of our 
oceans and their denizens; and that knowledge will enable us to picture to ourselves 
more accurately and more vividly what the oceans of the past were like and how 
their inhabitants lived. We shall understand the Earth’s present atmosphere and 
its climates better than ever before and shall therefore be able to determine more 
about the climates of past ages. And because of all this we shall be able to learn 
more about both the course and the causes of organic evolution and earth history, 

After the war we shall have new mechanical aids to teaching, such as animated 
cartoons and recorded lectures, and, as a consequence, there will be an increased 
interest in the earth sciences. The need for a greater knowledge of geology and 
paleontology that can be applied in the search for raw materials in the Earth’s 
crust will result in the public’s having a better realization of the value and importance 
of these sciences, and that realization, in turn, will lead the public to give the sciences 
greater financial support. 

All these things will make for a favorable environment for the individual paleontol- 
ogist and for the science of paleontology. But there will be other factors that will 
tend to make the post-war environment less favorable for paleontology and for 
those men and women who devote their lives to it. 

Because both individuals and governments which might be willing to support 
science will amost surely be financially less able to do so, scientific education and 
research are likely to suffer in the post-war era. Like the other sciences, paleontol- 
ogy has shared in the great growth and expansion of the educational and industrial 
institutions that have taken place on this continent during the past 100 years. 
This growth and expansion have been due in large measure to the rapid growth of 
our population. The rate of this population increase is bound to decrease in the 
post-war years, and we therefore cannot hope to have our colleges and universities 
continue to grow in size and wealth as rapidly as they have in the past. We may 
even see many of them become poorer, if not smaller, and less able to support good 
teaching and research. 

The opening up to settlement and economic development of the western United 
States and western and northern Canada which has gone on so rapidly during the 
past century cannot possibly continue at the same rate during the coming 100 years. 
The discovery and exploitation of new deposits of coal and ores and of new pools 
of oil which have been a natural result of the settling of the newly opened parts 
of the continent, and which have given such an impetus to the growth of the earth 
sciences, cannot be expected to continue at the same rate as in the past. 

There will be fewer very wealthy patrons of science from whom the trustees of 
our museums will be able to secure the funds needed for field and laboratory work, 
and museum curators will be hard put to it to find the money that will be needed 
to insure the proper care of the collections already in their store rooms and labora- 
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tories. Printing costs, which have been rising steadily in recent years, are likely 
to go still higher, and that just at a time when the interests of paleontology will 
demand the publication of larger, more elaborate, and more costly monographs and 
memoirs. And much of the paleontological research that will need to be done will 
be more difficult and more expensive and can be carried on successfully only by men 
whose training will take longer and cost more than it does at present. With the 
paleontologists of a larger number of nations engaged in research, the results of 
which will be published in a greater number of tongues, the language problem 
already a very difficult one, will become even worse. 

As the collections in the world’s museums increase in size the cost of their care 
will increase. It may become so difficult to secure the funds for the education 
and the salaries of scientists that able men will be deterred from devoting their 
lives to teaching, curatorial work, or research. 

There are certain problems that are peculiar to the science of paleontology, with 
which we, and to an even greater degree our successors, will have to deal in the 
years to come. Every investigator of the present generation who has had to use 
the books and journals that were published a century or more ago has been impressed 
with the fact that the paper on which many of them are printed is deteriorating. 
In another 50 years some of it will be in such bad condition that the books will no 
longer be usable. And, if this is true of the books and periodicals, how much more 
true is it of the labels that accompany the older specimens in our museums? Many 
of them are not merely going—they are already gone. In another generation most 
of these older labels will be either dust or, at best, illegible. ‘Dust thou art, to 
dust returnest”’ is as true of labels as it is of the men who write them. 

The labels of almost every specimen that was collected before 1875 will have to 
be copied before 1975 if the irreplaceable information which they contain is to be 
preserved. And there are hundreds of thousands of such labels in our paleontologi- 
cal collections. The reproduction of the older books and journals and the copying 
of these old labels is going to be a new, but very necessary, task which we and our 
successors will have to assume. And it will be a thankless task, devoid of glamour 
and glory and requiring energy and money that might otherwise be devoted to 
pleasanter and more interesting pursuits. It will call for more unselfish devotion 
to our own science than has ever been required of us or our predecessors. I wonder 
whether we, of this generation, are going to be equal to this demand and whether 


we are going to do our duty about it. Many of us have not been doing our duty - 


in the matter of these labels up until now. 

Thus in the years to come paleontology and its devotees will exist in an environ- 
ment that will be better in some respects and worse in others than the environment 
which they have enjoyed during the past generation. Will this new environment be, 
on the whole, better or worse than the old one? Will the good factors more than 
counterbalance the bad, or will the reverse be true? Will paleontology continue 
to grow as it has grown during the past century, or will it decline? Will paleontolo- 
gists be more numerous, more able, better trained, and better equipped to do good 
work, or will they be so few, so inefficient, and so handicapped that the quantity 
of their work will be less and the quality lower than it has been in recent years? 

Will our science be more widely taught, more useful and more used, and better 
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appreciated by the intelligent public than it has been in the past? Will our institu. 
tions of higher learning and research, our museums, our governmental bureaus, and 
our economic organizations which teach or support or apply paleontology be better 
able adequately to finance work in that science, or will times be so hard that this 
will be impossible? 

Will able young men and women be led to devote their lives to our science, or 
will the hardships of such a career deter them from entering on it? Will those 
who do engage in such work do a better and more conscientious job than their 
predecessors and not only add to our knowledge of the life of the past, but organize 
that knowledge better, spread it more widely, make it more useful and cause it to 
become a more vital influence in the philosophy and the thought of the day? Will 
they learn enough about both the course and the causes of evolution so that their 
knowledge can be used by those who are to direct the course of human evolution 
in the future so that they will direct it wisely? 

Will the happiness and health, as well as the material wealth and comfort, of the 
next few generations be increased because of paleontological knowledge and its 
greater application and wider dissemination? Will human thinking in many fields 
be wiser because of man’s increased knowledge of the life of the past as it was im- 
proved by our ancestors’ discovery of the fact of organic evolution? 

It has been claimed—and the claim is undoubtedly justified—that Charles 
Darwin’s book, The origin of species, was, because of its influence on men’s thinking, 
the most important book published during the nineteenth century. Much of 
Darwin’s evidence of the truth of organic evolution was paleontological evidence. 
We now have a far greater and more accurate knowledge of organic evolution than 
the natural scientists of Darwin’s day possessed. Shall we be able to make that 
increased knowledge a greater influence in human thought and action in the next 
100 years? 

Will the work of paleontologists become so scientifically exact that it can be 
employed wisely and efficiently enough to help during the post-war years in any 
really essential way in the search for those new supplies of raw materials in the 
Earth’s crust without which civilization cannot continue in its present form, let 
alone advance to better things? 

The answers to all these questions will be largely in our hands and in the hands 
of the students whom we of this generation shall train. The times will lay a heavy 
burden of responsibility upon our shoulders. Shall we be able to carry it? Shall 
we be equal to the task? 

As professional paleontologists, we of this generation cannot congratulate our- 
selves on having done very well in the past. True, we have worked hard and dug 
up, described, and named the remains of an amazingly large number and variety 
of ancient animals and plants. But have we described them adequately and well? 
Have we figured them properly? Have we recorded their horizons and localities 
as accurately as we might have done? Have we proposed reasonable and easily 
usable names for them? Have we labeled our type specimens properly and done 
everything we might have done to insure their proper care for the future? Have 
we done all that we might have done to increase popular interest in paleontology 
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and appreciation of its importance? Have we trained our students as well and as 
thoroughly as we possibly could, and have we set before them by example, as well 
as by precept, the highest ideals of work in our profession? 

Certainly the honest answer to every one of these questions must be “No”. In- 
deed, the only honest answer to some of them must be a very emphatic “No”! 
We can all agree that we might have done better. Can we, and will we, do better 
in the future, especially if we have to labor under handicaps that we have not had 
up until now, and if we have to deal with problems with which we have heretofore 
not had to cope? 

I believe that we can. I hope that we will. But we shall have to go at the job 
with energy, courage, and wise vision if we are going to do it successfully. We 
must see clearly what needs to be done and can be done or we cannot hope to ac- 
complish much. We must plan now for the future and agree on what plans are 
good and feasible. We must co-operate whole-heartedly in carrying out those plans. 
And we must depend on ourselves and stand on our own feet in our efforts to get 
things accomplished. 

Most paleontologists are all too prone to look upon themselves as mere hand- 
maids to geology and to think of paleontology as nothing more than the tail on the 
geological dog. But paleontology is really a sister science of biology that both 
draws from, and contributes to, geology. Although it is one of the younger children 
in the family of the sciences, it is a husky youngster, capable of making its own way 
in the world if it has the courage and resourcefulness totry. The sooner all paleontol- 
ogists realize that theirs is an independent science, worthy of recognition as such, 
the better it will be for both the science and themselves. 

I shall not undertake here to outline in detail any plans for the future of our 
science or try to list all the projects which seem to me to be desirable. But I will 
mention some of the things which I believe that we of this generation of paleontolo- 
gists should and can do. 

Most important and desirable of all these things is the raising of the standards 
of our work. 

Since paleontology cannot, because of its nature, be a very exact science paleontol- 
ogists cannot think or write in such mathematically definite terms as can such other 
scientists as the mathematicians, the physicists, and the chemists, or even asnearly 
exactly as can the biologists. For this reason paleontologists perforce too often 
have to be vague and indefinite in their ideas and in the expression of them. And, 
because sometimes they have had to be somewhat indefinite in their thinking they 
have too often become careless and much more slipshod than they really had to be. 
This has been true of all phases of paleontological work. 

Many of the illustrations and descriptions of fossils that are published today 
are poor and inadequate, and the information concerning their age and occurrence 
is incomplete or indefinite. Even the systematic position of newly described species 
is sometimes not properly indicated or is unnecessarily incomplete. In many cases 
the locations and catalog numbers of the type specimens of new species are not 
given. Nor are the types or the other scientifically important specimens in our 
museums adequately labeled or properly cared for. It can probably truthfully be 


stitu. 
and i 
etter 
this 
e, or 
those 
their 
anize 
it to 
Will 
their 
the 
l its 
elds | 
irles 
ing, 
of 
han 4 
chat 
1ext 
be 
any 
the 
let 
nds { 
aall 
ur- 
lug 
ety 
all? 
jes 
ily 
ne 
ve 


376 B. F. HOWELL 


said that not one in a thousand of the fossils in the museums of North America js 
accompanied by a really adequate label; and such labels as there are are often so be. 
grimed, or so brown and brittle with age, that they can no longer be deciphered, and 
much of their scientific value is irreparably lost. 

Much of this carelessness and neglect is inexcusable. And most of the blame 
for it can fairly be placed on the doorsteps of the paleontologists. Some of the 
blame for inadequate publication can be charged to the editors of the journals 
in which paleontological papers have appeared, though one must not be too hard 
on these harassed servants of science, who are always being forced by financial 
pressure to pare down manuscripts that should not be pared. And, had the paleontol- 
ogists had higher standards and stood by them, even the editors would have done 
less paring. 

Some of the lack of accurate information about the ages and localities of the 
fossils dealt with in our paleontological papers has been due to lack of knowledge 
of these matters on the part of the authors. In many cases this lack of knowledge 
has been due to the failure of the authors to secure this knowledge when they might 
have done so. In other cases the knowledge was not secured or not recorded by 
the originai collector of the fossils, and the author was therefore unable to record 
the information. And in some cases our as yet imperfect knowledge of the age 
of the rocks from which the fossils were secured has prevented any accurate state- 
ment by either collector or author about the exact age of the fossils, even when the 
collector or author knows from just what bed they were collected in the field. 

This handicap of lack of knowledge of the ages of many of the formations of our 
continent is rapidly being removed by the work of our stratigraphers. The ex- 
cellent correlation charts which have been prepared by the National Research Coun- 
cil’s Committee on Stratigraphy and published by The Geological Society of America 
have done much to clarify the ideas of North American stratigraphers and paleon- 
tologists about the ages of many of their formations and faunas and have thus 
helped to raise the standards of our thinking about our problems of correlation. 
The work of the subcommittees of the Committee on Stratigraphy has, indeed, been 
historic in its importance in this respect. 

The publication some years ago of the rules of stratigraphic nomenclature that 
were drawn up by a joint committee of the Association of American State Geologists, 
the United States Geological Survey, the American Association of Petroleum Geolo- 
gists, and The Geological Society of America and published by two of the Societies 
has also helped to point the way to better work by North American paleontologists. 
But much still remains to be done both in perfecting our knowledge of the ages 
of our formations and in making better use of that knowledge in our thinking and 
our writing. And we need to have much more information on some of our specific 
problems. 

In spite of the excellent work that has been done by our Pleistocene specialists, 
we are still in doubt about the correlation of the Pleistocene formations lying south 
of the glaciated portions of our continent with those in the glaciated areas and we 
are not yet certain in most cases which of the continental Pleistocene faunas is 
to be correlated with which of the marine ones found in the unglaciated regions. 
Very careful studies of the faunas and floras of the loess deposits which extend 
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from the edges of the glaciated areas southward to the unglaciated regions and 
on to the sea coasts will, it is hoped, soon be undertaken and will undoubtedly do 
much to increase our knowledge of the relative ages of our Pleistocene formations. 
It is very desirable that this work be done as soon as possible, so that we may have 
a clearer picture of the Pleistocene history of North America, and especially so 
that we may be able to date more certainly the older human bones and artifacts 
that have been, and will be, found here. The Geological Society of America, the 
American Philosophical Society, the Carnegie Institution, and some of our museums, 
universities, and State geological surveys have supported some research of this 
kind in recent years, and it is hoped that they will encourage it again after the war. 

Our vertebrate paleontologists have recently made a determined effort to get all 
the Tertiary land faunas of North America clearly and accurately correlated, and 
our knowledge of the relative ages of these faunas is now reasonably exact. Our 
Tertiary and Cretaceous invertebrate paleontologists and paleobotanists, too, have 
co-operated in the past 10 years in an effort to solve some of the perplexing problems 
of the correlation of their marine and fresh-water formations, faunas, and floras. 
Their co-operation has been crowned with success; and the old Laramie Problem, 
which baffled the stratigraphers of the last generation, and several other less vexing 
ones, have now been solved. 

Much has been added, too, to our knowledge of the Cretaceous and Tertiary 
stratigraphy and fossils of the Atlantic and Gulf coastal plains by the study of the 
cores of the many wells that have been drilled in those regions in recent years. 
A comprehensive correlation of the formations and faunas of a large number of these 
wells, now being made under the auspices of The Geological Society of America, the 
American Philosophical Society, and the Academy of Natural Sciences of Philadel- 
phia, with the co-operation of the State geologists of the Atlantic and Gulf coastal 
States and of a number of oil companies, is yielding information of great value. 

Much progress is also being made in the elucidation of the Mesozoic history 
of the continent, although there is still much to be learned about these systems 
in western Canada and in Alaska, and we have only recently begun to secure from 
the cores of deep wells satisfactory information about the pre-Cretaceous Mesozoic 
rocks that underlie the later deposits of the lower Mississippi Valley. 

The wide distribution of index cephalopods, and of certain pelecypods valuable 
for correlation purposes, in the Mesozoic rocks, and the fact that, with their aid, 
use could be made of our detailed knowledge of the Mesozoic faunal succession 
of Europe in determining the faunal succession in North America, has led North 
American students of Mesozoic faunas to develop higher standards for some phases 
of their work than those that have been set by students who specialized in the study 
of the faunas of most of the Paleozoic systems. 

Until comparatively recently we have known only a little about the Permian 
formations and faunas of North America; but investigations of the rocks of this age 
in the southwestern United States that have been carried on during the past 30 
years have entirely changed that situation, and we are now rapidly getting a satis- 
factory knowledge of the Permian faunas and stratigraphic succession of that part 
of our continent. 

Our knowledge of North American Carboniferous strata and their fossils has 
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for some time been more complete than that which we have had of the rocks and 
fossils of most of the other Paleozoic periods. This has been partly because of the 
presence of important coal beds in the Carboniferous sections, and partly because 
of the very detailed studies that have been made of strata of this age in the Mis. 
sissippi Valley and the regions to the west. Because of these careful stratigraphic 
and paleontologic studies the quality of the work done by American paleontologists 
and stratigraphers on the Carboniferous rocks and fossils has been greatly improved 
in recent years. 

But when we consider the quality of the work that has so far been done on the 
pre-Carboniferous strata and their faunas we find that the average standard is much 
lower and needs to be greatly raised. 

It is true that these pre-Carboniferous rocks and their faunas are more difficult 
to understand than are those of more recent age. But the better work which has 
been done on these older rocks and fossils by a few North American investigators 
in recent years proves that, although it is more difficult to do it, just as good work 
can be done on the pre-Carboniferous rocks and their faunas as has been done on 
those of later periods. It is, nevertheless, in the fields of pre-Carboniferous stratig- 
raphy and paleontology that the greatest improvement in standards of work can 
be made by us and our successors in North America. 

We have on our continent the most complete successions of Cambrian, Ordovician, 
Silurian, and Devonian sedimentary rocks and marine faunas known anywhere 
in the world. They are far more complete than those of Europe. Indeed, they 
are so much better than the European ones that the knowledge of the European 
successions, which has been so useful to North American students of Carboniferous 
and later faunas, has been of relatively little value to those students who were 
trying to secure an understanding of our older faunal successions. The standards 
of work of our Carboniferous and post-Carboniferous specialists have been raised 
because of the work of their co-workers in Europe. But this has not been the case 
with our Cambrian, Ordovician, Silurian, and Devonian specialists. Their standards 
of work have been almost entirely their own, and they have not been as high as 
they might have been. To raise them should be one of our objectives in the post- 
war days. 

Our pre-Carboniferous specialists will have invaluable assistance in improving 
the quality of their work in the excellent bibliographic indices of the Cambrian, 
Ordovician, Silurian, and Devonian fossils of this continent that have been, or are 
being, prepared for their use. These indices, which are, with those for the later 
periods that have also been prepared for North America, the only ones that have 
as yet been made for an entire continent, should enable North American students 
to do better work than the students of any other continent. North American 
paleontologists will have during the post-war years a greater opportunity than ever 
before to be accurate and thorough in their work, for they will have at hand not only 
Bassler’s excellent bibliographic index of Ordovician and Silurian fossils, which 
has been such an invaluable handbook for the past 30 years, but also the index of 
Cambrian fossils which was completed by Resser just before his death and the 
card catalog of Devonian fossils which is appearing under the auspices of the Paleon- 
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tological Society and the Wagner Free Institute of Science. In the quality of 
these indexes and of the other more specialized indexes and monographic studies 
of special groups of fossils that have been prepared by our colleagues in recent 
years we, as North American paleontologists, may take great pride, for they have 
set a standard for the paleontologists of the rest of the world. As far as they are 
concerned we are better equipped to do good work than are our fellow scientists of 
other continents. 

We paleontologists have in the past considered that our responsibilities began 
with the earliest Cambrian faunas and floras. But in recent years we have come 
to realize that there are also fossils in Proterozoic rocks. We have described some 
of these fossils, but we have not yet attempted to use them as index fossils or tried 
to correlate Proterozoic formations by their aid. It will be a logical next step for 
us to take if we attempt to bring order out of the relative chaos of Proterozoic 
stratigraphy and to learn more about the life of pre-Cambrian times. 

Only a century and a quarter ago almost nothing was known of the faunas and 
floras of pre-Carboniferous days. Any attempt to work out the stratigraphy or 
learn about the life of the pre-Carboniferous periods was thought by the paleontol- 
ogists of that day to be nearly, or quite, hopeless. Nevertheless we have since 
learned a very great deal about the sedimentary rocks and the marine faunas and 
floras of the Cambrian, Ordovician, Silurian, and Devonian periods, and we have 
learned something about Silurian and Devonian land and fresh-water life. 

The Cambrian, Ordovician, Silurian, and Devonian periods, together, represent 
as much time as do all the subsequent periods, and we already know almost as 
many species of marine fossils from them as we know from post-Devonian rocks. 
Of course, it is too much to hope that we can learn anywhere near as much in the 
next 100 years about the life of the 250 million years preceding the Cambrian as we 
have learned during the past century about the life of the 250 million years preceding 
the Carboniferous; but we can, and we should, learn much more than we now know 
about it. And, with the aid of the new techniques now available to us for the 
determination of the ages of rocks, we should be able to make much progress in 
working out the stratigraphy of the Proterozoic sedimentary rocks and in learning 
the ages of their fossils. Like the American manufacturers who were called upon 
to do the seemingly impossible in the making of munitions for the present war, we 
should have as our motto “The possible we will do immediately. The impossible 
will take a little longer”. 

Dr. Charles D. Walcott once told the writer that he had spent one entire summer 
in searching for fossils in the Proterozoic rocks of the southern Appalachians without 
finding a single one. Yet he did not despair and he later found many pre-Cambrian 
fossils elsewhere. And so firm was his belief in the possibility that others would 
ultimately be discovered that he continued the search for the rest of his life. His 
belief in the possibility of the discovery of such fossils by other searchers was so 
great that Mrs. Walcott established a fund in his memory, from which awards could 
be made to other investigators who succeeded in making important additions 
to our knowledge of pre-Cambrian biotas. This fund will be a challenge to us and 
our successors in the period following the war. What was impossible to our prede- 
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cessors will not be impossible to us or to those whowill follow us. We and they can, 
and should, do better work in determining the relative ages, not only of the pre. 
Cambrian rocks and their fossils, but of all the later rocks as well. We and they can, 
and must, make our age determinations much more accurate and definite in the 
future. 

At the present time we are greatly handicapped in our efforts to be exact and 
accurate in our thinking and writing about the ages of our ancient faunas and floras 
because we lack a proper time scale and chronological terminology. The time scale 
and chronological terms which we now employ are a mere makeshift that was de 
vised by our predecessors at a time when their knowledge of the history and past 
life of the Earth was so very incomplete that all they could hope to do was to deter- 
mine the relative ages of their beds and fossils. Recent discoveries in physics and 
chemistry are making possible the determination of the actual, as well as the relative, 
ages of many of our rocks and are thus ushering in a new era in the study of historical 
geology in which geological time can be measured more accurately, and paleontolo- 
gists and stratigraphers will have available a time scale whose units, unlike those now 
employed by them, will be of equal chronological length. As soon as this new time 
scale has been properly set up paleontologists will be able to state the ages of their 
faunas and floras in much more definite terms than at present. We paleontologists 
of this generation can do much to help in the establishing of this new time scale. 
Indeed, it cannot be set up without our help. One of our most important tasks 
is going te be to co-operate in the working out of the details of such a chronological 
yard-stick. 

To do our share in this very important work we must determine in much greater 
detail than we have yet done just what has been the order of succession of the faunas 
and floras of the past. We must determine the complete succession for as far back 
in time as we can trace the record. There must be no breaks in the succession. 
It must be continuous, and we must be certain that it is correct. We flatter our- 
selves that we already know of a series of marine invertebrate faunas which, if placed 
in chronological order, would give us an unbroken succession from the oldest known 
Cambrian faunas to the marine faunas of today. I believé we are mistaken in 
this belief. I can speak with authority only of the Cambrian faunas, which have 
been my own special subject of investigation. But I believe that, although I have 
in my own lifetime seen important gaps in the Cambrian succession filled in, that 
succession is still very far from complete. And, although the record for the faunas 
of later periods is undoubtedly much more complete than it is for the Cambrian, 
I feel certain that it is uot nearly so complete, even for those periods, as most paleon- 
tologists think. 

To fill in these remaining gaps is one of the tasks that lie immediately before us. 
Many of them can surely be filled by paleontologists working in North America. 

This task will require not only the discovery of new fossiliferous strata and new 
faunas and floras, but also the more critical analyses of these and previously known 
biotas. And these critical analyses will require the most careful study and dis- 
crimination of species and subspecies. In order that the results of the studies and 
discriminations of this sort that are made by one investigator may be intelligible 
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to other students we shall have to develop, and employ very accurately defined and 
clearly understood technical terms. At present different workers use the same 
terms in different ways and different terms in the same way. Some writers even 
use a single term to designate different things. 

Who knows just what any author means when he uses the terms “fauna” or 
“flora”? Does he refer to a unit that can be subdivided into subfaunas or sub- 
floras? Or does he not? The reader can seldom be certain. 

And what of the terms “formation” and “member”? If we define a formation 
as a “mapable unit” we are defining it in cartographic, not stratigraphic, terms 
Whether a formation is a “mapable” unit depends on the scale of the map, the 
knowledge and skill of the mapper, the time available for the mapping, and other 
factors. Used in such a sense it has little value to the modern stratigrapher or 
paleontologist. And the same is true of the term member. What one man calls 
a member another looks upon as a formation, and vice versa. 

The same confusion exists in the use of the terms “species”, ‘“‘sub-species”, and 
“variety”. 

A workman cannot do good work with dull or otherwise unsatisfactory tools. 
We need better-contrived and more exact tools in our profession if we are to do 
better work. We are gradually getting such tools. For instance, our practice in 
paleozoological nomenclature has been slowly, but surely, improving as a result of 
the work of the International Committee on Zoological Nomenclature. And it is 
hoped that the report of the Paleontological Society’s Committee on the Marking 
of Type Specimens, published in 1929, has done something to raise the standards 
set by our museum curators in the labeling of their fossils. We know what we ought 
to do, but we need also to live up to our ideals. 

I have mentioned some of the things that we North American paleontologists 
have done. There are many more things that we ought to do in the years after the 
war. We can learn more about the geography and environments of the past. We 
can learn more about the habits of the plants and animals whose fossils we find 
in the rocks. We can learn more about the growth stages of many species of which 
we now know only the adult forms. We can work out the evolutionary line of 
many groups, such as the trilobites, of whose evolution we are now so ignorant 
that we cannot prepare a satisfactory systematic classification for them. And, as 
we learn more about their evolution, we can determine why some groups flourished 
for a while and then declined and disappeared. 

We can learn more about the ways in which fossils have been preserved and 
why they are abundant in some rocks and absent from others, matters about which 
we are far too ignorant at the present time. * 

We can learn more about the migration routes followed by plants and animals 
in ancient times and about the paleogeography of past ages. 

All these and many other fascinating and fertile fields of study will beckon to us 
in the years after the war. Life will be all too short for us to do all the interesting 
things that we shall want to do then. 

Some of the problems with which we and our immediate successors shall have 
to deal will require for their solution the co-operation of many workers throughout 
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our own continent. Others will call for the co-operation of investigators in other 
parts of the world. 

We have recently seen illustrations of how valuable co-operation can be among 
North American paleontologists. The correlation charts prepared by the National 
Research Council’s Committee on Stratigraphy and the card catalog of the Devonian 
fossils of North America that is being prepared under the auspices of the Paleontolog- 
ical Society and the Wagner Free Institute of Science have been the results of co- 
operation among American specialists, and the recently published very valuable 
new handbook of North American index fossils, although primarily the work of 
Professors Shimer and Shrock, could have been written and illustrated only with the 
aid of the other paleontologists who were glad to assist in so worthy an enterprise. 
Many paleontologists have co-operated, too, to make possible the publication of 
abstracts of paleontological papers in Biological Abstracts. 

Internaticaal co-operation is not so easily arranged for as is the co-operation 
among workers in a single country; but in the years before the war international 
co-operation had made possible the publication of the Palaeontologisches Zentral- 
blatt, and the paleontologists of the world had, by forming the International Pale- 
ontological Union, begun to set up machinery that would facilitate international 
co-operation in their fields of science. It is hoped that, in the atmosphere of greater 
international friendship which :t is fervently hoped will prevail in the world when 
the clouds of war have rolled away, this Union will be able to accomplish a great 
deal. It is hoped, too, that it may help to bring paleontologists and biologists closer 
together in the study of problems of evolution, adaptation, and the systematic 
classification of animals and plants, which will require the joint efforts of both 
groups for their successful solution. 

Because the fields of paleontological knowledge have been so vast and because 
the workers have been so few that there have often been only one or two specialists 
in the entire world in some of the fields, other paleontologists have long been in the 
habit of sending material to such specialists and calling upon them for their expert 
opinions. This kind of co-operation has served well for the solution of problems 
that required no more than correspondence between two individual scientists. 
But there have been other problems, such as those involved in the codification 
of the rules of stratigraphic and zoological nomenclature, the universal application 
of definite terms to different kinds of type specimens, the development of an adequate 
system of chronological nomenclature, the publication of adequate abstracts of all 
paleontological papers and memoirs, the search for a means whereby the Proterozoic 
formations of the world could be correlated, the solution of the problems raised 
by the publication of paleontological papers in many different languages, so that 
the literature of one half of the world is a closed book to the paleontologists of the 
other half—there have been these and other problems that have called for the 
international co-operation of all paleontologists in their solution. 

Some progress has been made in the solving of the problem of the codification 
of the rules of zoological nomenclature through the international co-operation of 
zoologists. But the paleontologists of the world have as yet not done much to 
help in this necessary work, though it is hoped that a committee of the Paleontologi- 
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cal Society, receniiy appointed, may be able to arouse the interest of North American 
workers, at least, in this important matter. And paleontologists have done very 
little up until now to develop plans for that international co-operation without 
which the other problems mentioned cannot be dealt with successfully. 

It is hoped that after the war the International Paleontological Union will take 
up all these important problems and, either through its own efforts or in co-operation 
with other interested organizations, will attempt to solve them. But such an 
international union can function successfully only if it has the active and effective 
support of paleontologists throughout the world. 

After this war the paleontologists of North America will be better able than 
most of their fellow scientists elsewhere to take the initiative in the development of 
international co-operation. It will therefore be their duty to step forward promptly 
and put their shoulders cheerfully to the wheel. It will not be easy to get the 
wagon going, for it will have gotten badly bogged down during the war. But it can, 
and it must, be started again. I hope that we American paleontologists are going 
to be willing to do our part in getting it in motion. May our hearts be stout and 
our backs be strong as we set ourselves to the task! 


PRINCETON UNIVERSITY, PRINCETON, N. J. 
Manuscript RECEIVED BY THE SECRETARY OF THE SOCIETY, NOVEMBER 30, 1944. 
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CONTENTS 


ILLUSTRATIONS 


1. Mutual relations of the Presidents of the United 


INTRODUCTION 


Historical data tend to become predominantly lists of dates and names which are 
most evasive to the imagination because they cannot readily be visualized and 
transformed into a mental picture. For instance most people find it difficult to 
remember the presidents of the United States, years of office, their birthdays, and 
deaths in proper order and are unable to recall these data with facility without 
consulting a table. 

Geologists are, as a rule, quite unfamiliar with the history of their science, and, 
inasmuch as their interests are more generally practical than historical, they are not 
particularly interested. If the mass of data could be made more palatable than in 
tabular arrangement or lengthy biographies, many a geologist might pause a moment 
and upon reflection find that much that he takes for granted he owes to the labors of 
some geological pioneer. 

It is simple to send specimens to a laboratory for grinding or for analysis, but the 
early petrographers ground thin sections on steam-driven laps, spending valuable 
hours in preparation of their material. In a more or less mechanized and industrial- 
ized society certain geological questions are referred to the specialist; very few petrolo- 
gists would attempt the determination of a fossil, and very few paleontologists are 
familiar with the petrogr:phic microscope. If the process continues no one man will 
beable to do field work, but a group of specialists or technicians will have to constitute 
acommittee, consisting of a paleontologist, petrologist, structural geologist, economic 
geologist, and, depending on the area, a specialist on cephalopods, hydrothermal 
alteration, or lineation. 
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As our knowledge grows, there will be more to learn and increasing specialization. 
It is beyond any man to know fossils, minerals, and rocks equally well. At this stage 
and with increasing industrialization of science, however, it is necessary to emphasize 
that specialization breeds technicians and that there is grave danger of losing sight 
of the forest for the trees. 

Inasmuch as one man cannot read all papers in his field at the present rate of produc- 
tion he takes refuge in handbooks and comprehensive compilations. These, however, 
cannot substitute for original publications, particularly for those in foreign languages. 
A geologist who has followed the literature for the last 20 years or so may be able to 
keep abreast to some extent, but the student who is now confronted with the enormous 
present production may well be discouraged. He will not escape the necessity of 
studying the history and “older” books and papers, if for no other reason than to 
separate the lasting from the perishing and the good from the bad. In other words, 
one approach to a healthy and scientific perspective is the study of fundamentals 
and the historical evolution of the science. Historical study shows progress and lack 
of progress and indicates where one’s efforts may be most effective. 

The present contribution is aimed at making the history of geology more readily 
accessible. Inasmuch as the method has helped the present author considerably, it 
is felt that others may also profit by it. 


PLOTTING METHOD 
GENERAL REMARKS 


A method is presented with two examples. Depending on the purpose, others 
may select different names or data. The first graph (Pl. 1) shows the presidents of 
the United States, their years of birth and death, and the terms of office. Inasmuch 
as all who went through school at one time struggled with the presidents, they seem 
an appropriate subject. The second example is based on the accumulation of data 
by the author for a bibliography on lineation. Structural geology is stressed, and 
all authors plotted have contributed to the problem in some form. However, lack of 
space prevents the plotting of the complete bibliography. 

The author’s own name is included lest someone may feel that he is hiding his age 
whilst exposing that of others. There are, however, no secrets exposed since the 
authors are listed in American Men of Science. 


PLOTTING TECHNIQUE 


The age in years is plotted vertically, the years from 1730 and 1800, respectively, 
to the present are plotted horizontally. Horizontal equals vertical scale in Plate 1, 
and the ratio is 2:1 in Plate 2. From the year of birth a line is drawn so that the 
person’s fortieth birthday appears 40 units to the right and 40 units up. If the two 
scales are equal the line slants at an angle of 45 degrees. Inasmuch as everybody 
grows older at the same rate, all lines are parallel. 

The life lines show at a glance how persons of different ages are related in time. If 
other data are added on the life line as, for instance, the term of office (Pl. 1), the pic 
ture becomes more revealing. To this one may add historical events such as wars, 
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scientific inventions, marriage dates, promotions, or others according to the purpose 
for which the graphs are constructed. In Plate 1 may be added the political party of 
the presidents and whether they served in other offices before the presidency. 

In Plate 2 the date of founding of the British and U. S. Geological surveys and the 
two leading societies have been added. It may be found useful to construct such 
graphs for the members of a society, their election year, services rendered, and so on. 
Such a graph may facilitate the selection of nominating committees and will at a 
glance show the age of a candidate, his record, and similar data. 

Two men of the same age have a life line in common, but certain points may easily 
be marked as squares or triangles or similar symbols. In Plate 2 the line was broken 
where one man died and was continued for the other. The names are written at the 
end and for the conservation of space in the same direction as the line. 

A geological department could easily make its statistics visible by plotting its 
graduate students, their publications, and positions and in this way gain a vivid 
picture of the effect of its curriculum and teaching on the student body. In addition 
it may gain experience in the selection of good students and their progress. 


DISCUSSION OF PLATE 1 


It seems rather striking in Plate 1 that the first six presidents were all older, at the 
time they took office, than the average age after 1840. At the same time they lived 
longer than the presidents of the later years who took office and died younger. 
Wilson, Taft, and Theodore Roosevelt were of almost the same age, and it is rather 
striking to see how the office was held by men of the same age and how at the end of 
this period the president was 20 years older than at the beginning of the period. 

The most regular and norma! distribution is from George Washington to Jackson 
where the new president is about 2 terms younger than his predecessor. Similar 
regularities appear between 1840 and 1857, but the age intervals correspond to one- 
term intervals. Buchanan is quite obviously very much older than average. 

The author has not added other data, in order to keep the picture simple, to show 
how much easier it would be to remember a picture than a list, and to illustrate how 
mutual relations between men and dates appear. 


DISCUSSION OF PLATE 2 


The graph begins at 1800 with the first publications in structural geology in the 
early nineteenth century and the founding of the Geological Society of London in 
1807. A more complete record reaching as far back as Geikie’s Founders of geology 
has been prepared, but its length prohibits publication. In addition, there are long 
blank spaces which are hardly worth showing. 

The picture is self-explanatory. Among other things it shows that geologists lead 
a healthy life and can expect to be active until well beyond retirement. 

Cross-influences among geological schools of thought can be eliminated or traced 
readily. Albert Heim was profoundly influenced by Sedgwick’s work and Sharpe’s, 
Phillips’, and Naumann’s publications. But at the time of Sedgewick’s death Heim 
was only a student 24 years old. His influence grew, and his generation is repre- 
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sented by Peach and Horne, Reusch, Hégbom, and many others. Generally there is 
a marked tendency for these influences to drift to the right, that is to the younger 
generation, partly directly by teaching and contacts, partly by publication. There 
is little tendency to the left because younger men rarely exert strong influences on 
their elders. This rather human trend can be shown in graphs constructed for that 
purpose. 

Plate 2 is a sample of the time-space relation of a group of geologists who con- 
tributed to a certain problem, but of course not only to that problem. It is pre- 
sented in such a way that anyone who wishes can readily add other names, dates, or 


significant items. 
CONCLUSION 


Plates 1 and 2 are intentionally incomplete and should be filled in in conformity 
with the particular purpose in mind. 

In my opinion the method deserves some attention because it permits graphical 
presentation of otherwise unwieldy data which do not lend themselves to ready 
analysis. Statistical analysis is facilitated by plotting because data like terms of 
office, year of promotion or retirement, publication of papers and books, and others 
can be compared directly. 

With the present tendency toward specialization and the emphasis on technical 
skill it seems most important to stress the historical development of a science and the 
analysis of the fundamentals. The method here outlined may help to make history 
and mutual interrelations visible for those who, like the present author, are lost ina 
maze of lifeless figures and facts which have meaning only after they become organ- 


ized in a picture. 


Tue Jouns Hopkins UNIVERSITY, BALTIMORE 18, MARYLAND. 
Manuscript RECEIVED BY THE SECRETARY OF THE CIETY, SEPTEMBER 19, 1944. 
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ABSTRACT 


Engineering investigations on the Susquehanna River in Pennsylvania, in New England, and Quebec 
have thrown new light on the factors controlling glacial erosion, especially glacial overdeepening, and 
show the importance of geologic structure and preglacial topography. Near Bingham, Maine, the 
ice sheet widened a northwest-southwest valley in a hard, massive, crystalline schist with rectangular 
jointing, but had little effect where a belt of soft slate crosses the valley. Other instances of the 
failure of ice to remove rock benches and deepen valleys, due to the influence of geologic structure or 
of preglacial topography, are described at Passamaquoddy Bay, Maine, on the Connecticut River, 
New Hampshire, on the Deerfield River, and at Cambridge, in Massachusetts, and on the St. Maurice 
River in Quebec. 

The buried Wyoming Valley on the Susquehanna River strikes parallel to the direction of ice 
movement and contains overdeepened rock basins separated by rock ridges. The maximum over- 
deepening is about 150 feet. Engineering investigations show that immediately upstream from the 
Wyoming Valley is another buried valley which has been overdeepened continuously for 8 miles, 


from Wést Pittston to Falls, although it is generally transverse to the direction of ice movement. ’ 


The influence of geologic structure and of preglacial topography upon glacial erosion are indicated. 
INTRODUCTION 


Two schools of thought have long existed concerning the effectiveness of glacial 
erosion, and difference of opinion has been especially strong about the overdeepening 
of valleys. Furthermore, the belief has recently been expressed that the formula of 
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structure, process, and stage is not applicable to glacial erosion and that structure is 
not a factor, but that only process and stage need to be considered. Observed facts 
are relatively scarce, for some of the most pertinent evidence is in valley bottoms 
buried beneath glacial deposits. 

This paper describes some of the evidence disclosed by engineering projects and 
uses this and other evidence in analyses of the two problems stated. Many of the 
former studies on these have been made of mountain glaciers and not of ice-sheet 
erosion. The problems of erosion by mountain glaciers are not discussed here. 


DEVELOPMENT OF IDEAS ON GLACIAL EROSION 


Acceptance of the belief that glaciation is an effective agent of erosion and that 
glaciers deepened valleys has been gradual (Carney, 1909). One of the earliest 
statements of this belief, based upon observation, was by LeConte (p. 339) in 1873. 
Davis (p. 139) accepted it completely in 1900, and it was emphasized by others. 
However, acceptance o! belief in the effectiveness of glacial erosion was not then 
general as was shown by Fairchild (1905, p. 65). This early work was based largely 
upon the study of mountain and valley glaciers and not of ice sheets, but attention 
was also given to the work of the ice sheet in central New York, and varying conclu- 
sions were reached. In 1894 Tarr (p. 351) expressed his belief in the effectiveness of 
glacial erosion, but in 1904 (Tarr, p. 283) he doubted that ice had eroded the valleys 
of the Finger Lakes region. In 1906 (Tarr, p. 18) however, he removed these doubts 
and stated that the ice sheet had greatly deepened pre-existing valleys. 

In 1911 Taylor (p. 727) described the lack of deep glacial erosion in the Lower 
Peninsula of Michigan but did not agree with Fairchild as to the general ineffective- 
ness of glacial erosion. Since then belief in the efficiency of glacial erosion has 
become general, but doubt has still remained with some as to the ability of ice to 
greatly overdeepen valleys (W. O. Crosby, 1928, p. 1176). The most important 
evidence of valley deepening should be found in the bottoms of glaciated valleys, 
which are generally concealed by glacial drift. Until recently, however, there was 
little information available from the bottoms of valleys, but considerable has since 
been learned from engineering works. 

The formula of structure, process, and stage (time) developed by Davis (1899, p. 
481-482) was largely based upon stream erosion but has been applied to glacial ero- 
sion, wind, and wave erosion. Recently its application to glacial erosion has been 
challenged by Von Engeln (1937 p. 478; 1938a, p. 23, 1938b, p. 427), who bases his 
ideas partly on the work of Fliickiger (1934) and contends that structure is not a fac- 
tor. He states that structure is most important with wind erosion, somewhat less 
so with water erosion, but does not affect glacial erosion, which is superior to struc- 
ture. He emphasizes the “grossness” of glacial erosion and states (Von Engeln, 
1938b, p. 426) that “the importance of structure in the degradational development of 
land forms decreases as the grossness of attacking processes increases.” He also 
states (1938a, p. 25) “with regard to a cycle of glacial erosion, the basic factor of 
structure in Davis’ formula: structure, process, stage, is cancelled out. Process and 
stage, only, need to be considered.” 
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EVIDENCE FROM SPECIFIC PLACES 391 
EVIDENCE FROM SPECIFIC PLACES 
VALLEYS IN MAINE 


Evidence was found at the Wyman Dam near Bingham, on the Kennebec River, 
Maine, that geologic structure has had important control of glacial erosion. The 
rocks near the dam site are a quartz-mica schist, with poorly developed cleavage and 
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Cross section in slate 
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FicurE 1.—Cross sections of Kennebec Valley near Bingham, Maine 


blocky joint structure, and a slaty biotite schist with well-developed cleavage but 
poorly developed jointing, a belt of which crosses the valley at the dam site. The 
valley has been filled with glacial deposits to a depth of 100 to 200 feet, but condi- 
tions in the bottom are known from numerous borings and excavations. 

The upper part of the bedrock valley is approximately a quarter of a mile wide, 
both at the dam site in the slate and upstream in the massive rock, but there is'a 
sharp contrast in the character of the bottom parts of the valley (Fig. 1). The 
profile in the slate indicates that there was a rock floor at an elevation of 300 to 325 
feet in which the stream had cut a narrow V-shaped gorge 100 feet deep. Glacial 
erosion has not obliterated or greatly changed this gorge which has features clearly 
due to stream erosion. Upstream and downstream, however, the gorge has been 
greatly widened but not deepened by ice action. The ice widened the lower part of 
its valley in the massive rock but rode up across the belt of slate. The difference 


in resistance to erosion of the two rocks is not due to their mineral compositions, which ° 


are similar, but is evidently due to difference in structure. Although the blocky schist 
is probably more resistant to subaerial erosion than the slate it is much more sus- 
ceptible to glacial erosion due to the fact that plucking is effective in the blocky rock 
but not in the slate, and plucking is a much more efficient means of erosion than 
abrasion. Geologic structure has, therefore, had an important control upon glacial 
erosion here. 

The profiles of the valleys investigated on the Passamaquoddy Project in Maine 
do not indicate glacial overdeepening or scouring but show benches which were not 
removed by ice erosion and V-shaped profiles not characteristic of effective glacial 
erosion (I. B. Crosby, 1938). These valleys occur in rocks of varied characteristics, 
one deep V-shaped valley being in granite, with a blocky joint system. The deep, 
buried valley between Eastport and Treat Island is transverse to the direction of ice 
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movement. The Eastport, or northern, shore is composed of a diabase flow, on the 
Treat Island shore is a rhyolite flow, the central part of the valley is in shale, and 
there is a broad bench in the shale, on the north side, 75 feet above the bottom of the 
valley. The deep inner valley is evidently a preglacial gorge cut in the floor of a wide 
valley, the bench being a remnant of this floor which was not removed by ice erosion, 
Apparently the relation of the preglacial topography to the direction of ice move. 
ment, which was from the northwest, was important in controlling glacial erosion here, 


CONNECTICUT VALLEY, NEW HAMPSHIRE 


At the Comerford Dam, at Fifteen Mile Falls on the Connecticut River in northern 
New Hampshire, is a buried gorge cut 60 feet below the rock floor of the preglacial 
valley (I. B. Crosby, 1934). This gorge, which meanders from one side of the valley 
to the other and can be traced for miles up and down the river, was apparently caused 
by rejuvenation prior to the last glaciation. The first effect of glacial overdeepening 
would be to remove the remnants of the old valley floor—that is, the rock benches 
which occur along the sides of the inner gorge. Glacial overdeepening without 
removal of the rock benches would require that a separate lower current of ice 
deepened the sinuous inner gorge without removing spurs or straightening the gorge, 
while the main movement of ice in the broader valley above beveled off spurs, wid- 
ening and straightening the valley. The writer believes that ice attempting to flow 
through the sinuous inner gorge would either tend to become stagnant or would widen 
the gorge and obliterate the rock benches. Therefore, the preservation of rock 
benches along an inner gorge intrenched in a broader valley is good evidence that 
the valley has not been appreciably deepened by ice erosion. Ice erosion did not 
remove a rock bench 800 feet wide on the right, or north side of the buried gorge at 
the dam site. This may be due partly to the fact that the axis of the valley here is 
transverse to the direction of movement of the ice sheet, but it is principally due to 
the schistose character of the rock and the absence of blocky fracture. A similar 
condition exists at the McIndoes Falls Dam, 6 miles downstream, where the strike 
of the valley parallels the direction of ice movement. Therefore, lack of overdeepen- 
ing in both places probably is due to rock structure more than to relation of the valley 
to direction of ice movement. 

At the Pittsburg Dam, on the upper Connecticut River in northern New Hamp- 
shire, where the valley is transverse to the direction of ice movement, borings have 
proved the existence of a buried V-shaped gorge 115 feet below the level of the present 
river (I. B. Crosby, 1940; Holmgren, 1940, p. 123). The rock is schist with well- 
developed cleavage and poorly developed jointing. This stream-cut gorge has not 
been appreciably modified by ice erosion due, probably, both to the structure of the 
rock and to the relation of the preglacial topography to the direction of ice movement. 


VALLEYS IN MASSACHUSETTS 


Recent exploration of a dam site on the Deerfield River in Massachusetts gave 
evidence of an inner gorge in the floor of the valley probably due to stream rejuvena- 
tion prior to the last glaciation. The rock is quartz-mica schist striking northeast 
and dipping steeply to the southeast. The river flows southeast, and glacial move- 
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ment was nearly parallel to the valley. Despite these favorable conditions glaciation 
did not remove a rock bench, thus proving that ice did not appreciably deepen the 
valley. Lack of blocky jointing was probably the governing factor in this case. 

An instance of lack of glacial overdeepening was recently found by borings at 
Cambridge, Massachusetts. A deeply buried north-south valley in the Cambridge 
slate has a flat floor a third of a mile wide. A channel was eroded 25 feet below the 


Approximate bedrock surface 


Ficure 2.—Cross section of St. Maurice Valley 
Eight miles above La Tuque, Quebec 


broad, flat floor, probably during the period of rejuvenation so widely evidenced. 
Ice did not scour the rock floor and remove evidence of this channel despite the 
fact that the axis of the valley essentially parallels the direction of ice movement. 


ST. MAURICE VALLEY, QUEBEC 


Eight miles upstream from LaTuque, Quebec, which is 100 miles north of the St. 
Lawrence River, the St. Maurice River flows in a narrow gorge at the right side of 
the valley with a rock bench, four times as wide as the river channel, to the left of 
the river and 60 feet above it (Fig. 2). Engineering investigations have shown that 
the gorge is filled to a depth of 100 feet, giving a total depth of 160 feet below the 
rock bench. Downstream, the gorge swings to the left side of the valley, and the 
bench is on the right side. The rock is gneiss, with granite intrusions, and has a 
poorly developed blocky joint system. The direction of ice movement was nearly 


parallel to the average axis of the valley. It appears, therefore, that prior to the - 


last glaciation the river was flowing in a flat-floored valley, was rejuvenated and cut 
a narrow, winding gorge 160 feet deep in its valley floor, and that ice erosion did not 
remove the benches or produce a U-shaped valley. 

On the Shawinigan River at Shawinigan Falls, Quebec, borings show a deep narrow 
gorge in gneiss with a rock bench on one side. Glacial erosion did not remove this 
bench, giving evidence that the valley was not overdeepened by ice. 

Nowhere on the Kennebec, Connecticut, or St. Maurice rivers is there any evidence 
of glacial overdeepening. All three rivers were rejuvenated causing gorge cutting in 
their valley floors. The evidence indicates that rock structure had an important 
control on glacial erosion. 


MISCELLANEOUS EXAMPLES FROM THE LITERATURE 


The valleys of the Finger Lakes in central New York have long been cited as 
examples of glacial erosion. The rocks are jointed, flat, bedded sandstones and 
shales. At the southern end of Seneca Lake wells indicate that the rock floor of this 
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valley is more than 700 feet below sea level. These and other facts appear to recuire 
a large amount of glacial overdeepening, and it is generally agreed that glacial erosion 
was very effective in these valleys. The well-known evidence indicating glacial 
overdeepening of the north-south valleys in the Finger Lakes region will not be 
repeated, but some of the contrary evidence in this and other nonmountainous regions 
will be briefly discussed. 

Tarr (1905, p. 162) described rock in the Finger Lakes region that was definitely 
decomposed during preglacial time but was not removed by the ice. From study 
of a north-south valley at Moravia, New York, Carney (1907, p. 727) concluded that 
ice erosion was vigorous and most effective on the steep, lower slopes of the valley, 
inefficient near the break of slope, and mild on the plateau. Sheldon (1926, p. 257) 
showed that differential glacial erosion had formed a channel in a weathered dike 
of kimberlite. The dike was nearly parallel to the direction of ice movement, and 
the weathered kimberlite and the closely jointed sandy shale country rock at either 
edge of the dike were removed by plucking. These and other reported cases from 
central New York demonstrated that glacial erosion is not universally effective and 
that it is influenced by geologic structure, particularly by jointing. 

The Niagara escarpment in western New York shows evidence of moderate erosion 
of hard limestone in an exposed position and extensive erosion of less resistant shale, 
Gilbert (1899, p. 125) estimated that only 10 to 20 feet of Niagara limestone was 
eroded from the crest of the north-facing escarpment but that 10 to 20 times as much 
Medina shale was eroded from the lowland at the base of the escarpment. 

Wilson (1904, p. 224) has described preglacial weathered rock and other evidence 
indicating that in the Trent River area in Ontario glacial erosion was slight. Accord- 
ing to Quirke (1925, p. 396) diabase dikes rising as walls above a country rock of 
jointed quartzite in Ontario indicate the greater susceptibility of the jointed rock to 
glacial erosion, even though the diabase is less resistant to subaerial erosion. These 
and other cases prove that glacial erosion is not everywhere efficient and that struc- 
ture is often an important control. 

The influence of preglacial topography upon glacial erosion is shown by Raisz 
(1929, p. 154) on Mt. Desert, Maine. Ice flow was concentrated and guided by the 
preglacial notches in the Mt. Desert Range, the largest glacial troughs being asso- 
ciated with the largest preglacial saddles. Conditions on the north side of this range 
are somewhat similar to those in the Finger Lakes region. In both places the ice 
coming from the north encountered an east-west escarpment in which were preglacial 
valleys, and the largest valleys were scoured the deepest by the ice. 


EVIDENCE FROM NORTHERN SUSQUEHANNA VALLEY 


Conditions in the Finger Lakes region contrast with those in the valley of the 
Susquehanna River to the south. Scanty information from wells in the moraine 
south of the lakes indicates that the rock divide between the lakes and the Susque- 
hanna valley is 1000 to 1500 feet higher than the rock floor under the southern end 
of the lakes. From this divide, the rock floor of the valleys descends several hun- 
dred feet to the Chemung and Susquehanna valleys. The elevation of rock at Sayre, 


no 


am 


in 
the 
go 
th 
i 
| 
4 


equire 
rosion 
zlacial 
ot be 
gions 


nitely 
study 
| that 
alley, 
257) 
dike 


EVIDENCE FROM SPECIFIC PLACES 395 


in the Susquehanna valley just south of the State line, is approximately 580 feet. 
At the Falls dam site, 76 miles by river south of Sayre, and 3 miles upstream from 
the Falls Bridge, the elevation of the rock floor is 525 feet. This is the first place 
going downstream where the deepest part of the bedrock valley is definitely known. 
Here a line of borings and a geophysical survey have given a complete profile across 
the valley. There are numerous scattered borings upstream, some of which may be 
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FicureE 3.—Cross section of Susquehanna Valley at Falls dam site, Pennsylvania 


" in the deepest part of the valley, but this is not absolutely certain. The existing 


data indicate a relatively low gradient of 9 inches per mile from the Pennsylvania 
State line to the Falls dam site. 

The elevation of rock under the valley at Horseheads 5 miles north of Elmira, New 
York, has been reported, without details, as 550 feet. If this elevation is correct it 
could indicate either that there had been considerable glacial overdeepening in that 
vicinity or that Fairchild was correct (1925, p. 36) and the Susquehanna north of 
Towanda, Pennsylvania, flowed north into the valley now occupied by Seneca Lake. 
The first possibility seems more probable since the valley at Horseheads is well 
situated for efficient glacial erosion by the ice coming from the trough of Seneca Lake. 

The cross section of the rock valley at the Falls dam site (Fig. 3) is similar to that 


of the Susquehanna valley south of the glacial limit. It was evidently caused by ~ 


river erosion in flat, sedimentary rocks. The river had begun to widen its valley, 
producing a broad, flat-floored valley, but the rock bluffs were still steep. There is a 
rock bench 150 feet above the river on the left side, and it does not appear that glacial 
erosion appreciably changed the valley. 

Two miles south of Falls is the first evidence of overdeepening, and it is probable 
that the valley has been overdeepened all the way to the Wyoming Valley at West 
Pittston. At the West Pittston dam site, 1 mile north of the Wyoming Valley and 
12 miles below the Falls dam site, a cross section of the Susquehanna valley is known 
from borings and a geophysical survey (Fig. 4). The deepest rock is at an elevation 
of 425 feet, more than 110 feet below the level of the river. Half a mile downstream 
at the edge of the Wyoming Valley numerous borings show a rock sill with the lowest 
elevation at 459 feet, or 34 feet above the rock floor of the valley upstream. The 
longest gap between borings at the downstream location is 300 feet so that it is 
improbable that there is a gorge wide enough for the preglacial river between the 
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borings. There thus appears to have been glacial overdeepening at the dam site, 
although the general direction of ice movement was diagonally across the valley 
from northeast to southwest. 

A quarter of a mile downstream from the threshold the depth to rock increases, 
and the lowest known rock is at an elevation of 386 feet. Numerous mine borings 


Ficure 4.—Cross section of Susquehanna Valley at West Pittston dam site, Pennsylvania 


indicate that there is another closed rock basin here and that the elevation of the 
lowest part of the downstream rim is about 490 feet. The rock sill at the edge of the 
Wyoming Valley coincides with a bed of resistant sandstone, and the rock basin a 
quarter of a mile south of the sill coincides with the trough of a syncline where the 
sandstone is downfolded. There is thus direct relation between glacial erosion and 
geologic structure. 

The restriction of glacial overdeepening of this part of the Susquehanna valley to 
the vicinity of the West Pittston dam site and a few miles upstream is probably due 
both to structure and preglacial topography. At the dam site the direction of the 
valley is S. 30°E., and the approximate direction of glacial movement across the 
plateau is S.40°W. Abcut 8 miles of the valley have been overdeepened by the ice, 
and the directions of the different reaches vary from S. 35°W. to S. 65°E. Possibly 
overdeepening began a short distance above the dam site where the valley is nearly 
parallel to the direction of ice movement and the lower ice was deflected by the pre- 
existing valley. Ice erosion then worked upstream by plucking and downstream by 
gouging. Here the ice met the mountain ridge which forms the northern rim of the 
Wyoming Valley, and there was probably a concentration of energy in the lower part 
of the ice with greater tendency to erode. The rocks are sandstone and shale, 
moderately well jointed. Upstream the strata are flat, but at the dam site they dip 
downstream, and a short distance below they are crushed. The combination of 
preglacial topography and structure favored initiation of glacial overdeepening. 


BURIED WYOMING VALLEY 


The buried Wyoming Valley from Pittston to Nanticoke, Pennsylvania, has been 
known for many years, and several theories have been invoked to explain it (Darton, 
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1913a, p. 562; Corss, 1904; Lyman, 1902). Only glacial erosion fits the facts, how- 
ever, and it is now accepted. This is a synclinal valley extending from northeast 
to southwest, nearly parallel to the direction of ice movement, and containing rela- 
tively weak shales and sandstones. Ice flow was concentrated by the shape of the 
valley, and we would expect to find overdeepening here, if anywhere. It is sig- 
nificant, however, that overdeepening is not uniform but is confined to basins sepa- 
rated from each other by rock sills. The overdeepened basins are in the weaker 
members of the Coal Measures, and there is thus a relation between glacial erosion 
and geologic structure. Between Pittston and West Nanticoke, 15 miles, are more 
than 10 rock basins with their bottoms below an elevation of 400 feet, while the 
surface varies from 550 to 500 feet. In the deepest basin, near Plymouth, bedrock 
isless than 250 feet above sea level and is 309 feet beneath the surface. The bedrock 
topography is known from thousands of borings and many mine shafts and has been 
shown by contours and cross sections (Darton, 1913b). It is reasonably certain 
that no channels connect these basins and that they were not made by stream erosion. 
Arock sill at an elevation of about 400 feet at the lower end of the valley is indicated 
by borings. This sill is about 150 feet above the bottom of the deepest basin, and 
there are rock sills at about this level between some of the basins. It is probable 
that in pre-Wisconsin time the river had eroded about 100 feet deeper than the 
present river and that in the following glaciation basins were eroded in the valley floor. 

Glacial overdeepening stops where the Susquehanna River turns to the northwest 
at West Nanticoke, leaves the weak rocks of the Wyoming Valley, and cuts through 
the border ridge of hard Pottsville sandstone. The axis of the syncline continues 
southwest from Nanticoke, however, and the valley of Newport Creek was eroded 
along the axis for several miles. Ice erosion was effective in this branch valley, and a 
basin was gouged out in the rock floor. This overdeepened basin in the soft rocks 
of the syncline and the absence of overdeepening in the main valley outside the 
syncline indicate control by geologic structure. 

The buried Wyoming Valley has been repeatedly studied, but its relation to buried 
valleys upstream and downstream has not been previously described. At West 
Nanticoke the Susquehanna River leaves the Wyoming Valley and flows south- 
westerly to Sunbury where it joins the West Branch. Subsurface information indi- 
cates a rock sill near West Nanticoke at an elevation of about 400 feet, and a rock 
floor at about this level or slightly less all the way to Sunbury where there is good 
evidence of a rock floor across the valley at 390 to 400 feet. Eight miles farther 
downstream rock ledges are exposed completely across the Susquehanna Valley 
(White, 1883, p. 26). The limit of Wisconsin glaciation crosses the river 18 miles 
below the end of the Wyoming Valley. A striking feature of this part of the valley 
is that the rock floor appears to be nearly level for 60 miles from the Wyoming Valley 
to Sunbury. This suggests downtilting toward the northeast after the valley was 
eroded by a preglacial river. Probably postglacial uplift has not equalled depression 
during the giacial period. 

The continuously overdeepened stretch of valley just upstream from the Wyoming 
Valley has been described in the previous section. The contrast of this valley with 
the separate overdeepened basins of the Wyoming Valley is probably due both to 
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greater concentration of ice flow in the narrow valley upstream—topographic control 
—and to the more uniform character of the flat bedded rocks upstream—structur] 
control. 


CONCLUSIONS 


Evidence from the valley bottoms in Quebec, New England, New York, and 
Pennsylvania is all in agreement and indicates that glacial overdeepening is com- 
paratively rare but that in a few places it has been very effective, and also that rock 
structure, especially jointing, has had an important control upon glacial erosion, 
Buried stream-cut gorges in the rock floors of valleys are common features in Queber, 
New England, and New York, and in most of the observed cases this inner gorge has 
not been removed by glacial overdeepening. Concentration and direction of ice 
movement by topography has been an important factor in the control of glacial 
erosion, but structure is also important although its effects are very different from 
those in the case of stream erosion. 

The preceding observations prove that glacial erosion is not always equally effective 
but that it is modified by two principal controls: (1) preglacial topography which 
governs the energy distribution in the ice; and (2) geologic structure. Character 
of the rock, character of cutting tools, and thickness of the ice also control glacial 
erosion. Ice erodes both by abrasion and by plucking, but the latter process is more 
efficient (Matthes, 1930, p. 89). Therefore, when the preglacial topography and the 
geologic structure both favor plucking, glacial erosion is most effective. 

In the Finger Lakes region of New York the ice advanced over an escarpment cut 
by deep preglacial valleys through which ice flow was concentrated. The ice was 
much thicker in the valleys due to their depth, its pressure on the rocks was greater, 
and also the structure was favorable to plucking. As a result glacial erosion was 
very effective, and the valleys were greatly overdeepened. South of the escarpment 
the preglacial topography did not concentrate the ice flow, the valleys were not so 
deep, there was no such great contrast in ice pressure, glacial erosion was less effective, 
and little or no overdeepening occurred although the structure is the same. 

Where the Susquehanna River cuts through the mountains bounding the Wyoming 
Valley the ice flow was more concentrated, the rock structure was especiallyfavorable, 
and the valley was moderately overdeepened. In the Wyoming Valley conditions 
were very favorable to overdeepening. The synclinal valley, almost parallel to the 
direction of ice movement, concentrated the flow, the weak shales and sandstones 
were susceptible to both abrasion and plucking, and several deep basins were eroded 
by the ice in the weaker rocks. 

The structural control of glacial erosion is shown by observations in numerous 
places. Fine etching characteristic of wind erosion is lacking, but the major struc 
tural features play an important part in controlling glacial erosion. Especially im 
portant is the character of fracturing of the rock. Blocky jointing makes the rock 
especially vulnerable to plucking, and much greater erosion occurs than in similar 
unjointed rock. These conclusions based upon field observations in areas of co- 


tinental glaciation agree with those by Demorest (1939, p. 596) based upon the- 
oretical study of the flow of ice and upon observations by him in Greenland (1939, 
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p. 605), and also with those of Matthes (1930, p. 90, 118) based upon study of the 
erosion of Yosemite Valley by a mountain glacier. 

In view of this evidence of the great variability of the effectiveness of glacial over- 
deepening of valleys, and of the control of structure, the writer believes that there 
isa too general assumption that deepening of a valley in the glaciated regions has 
been caused by glacial erosion. Before such a conclusion is reached, it should be 
shown that conditions were favorable to glacial overdeepening and that some other 
cause of valley deepening was not equally or more effective. 
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CORRELATION OF ATLANTIC COASTAL PLAIN CENOZOIC 
FORMATIONS: A DISCUSSION 


BY HORACE G. RICHARDS 


The series of correlation tables now being published by The Geological Society of 
America has been welcomed by all students of geology and paleontology. The 
present writer has found especially useful Table 12 by Cooke, Gardner, and Woodring 
(1943) on the Cenozoic formations of the Atlantic and Gulf Coastal Plain and the 
Caribbean area. Since it was stated in the introduction to these tables that they 
were to be regarded as tentative and subject to revision and correction, the writer is 
taking the liberty of making a few comments on the particular portion of the chart 
dealing with the Coastal Plain between New England and Florida, largely the work 
of Dr. C. W. Cooke. This is not being offered in the spirit of criticism of the original 
chart but merely calls attention to some information overlooked by the original com- 
pilers as well as some later information, part of it still unpublished, that was not 
available at the time of the publication of the chart. 

This brief paper is an outgrowth of studies of the writer aided by two grants, one 
from the Penrose Bequest of The Geological Society of America for a study of the 
macrofossils from deep wells along the Atlantic Coastal Plain, and the other from the 
Johnson Fund of the American Philosophical Society for a study of certain faunas 
from the Tertiary of the Atlantic Coastal Plain, especially from North Carolina and 
South Carolina. Sincere thanks are hereby tendered both societies for this aid. 

The original correlation chart is accompanied by a “Selected bibliography.” The 
present author has attempted to expand this so that the combination of the two 
bibliographies will give the reader a more complete list of works relating to the geology 
and paleontology of the Coastal Plain between New England and Florida. The 
writer is indebted to Meredith E. Johnson, State Geologist of New Jersey, for per- 
mission to quote a few paragraphs from a memorandum relating to the correlation 
chart. 

MASSACHUSETTS 


1. Miocene fossiliferous deposits are known on Martha’s Vineyard. Their fauna 
resembles that of the Chesapeake group (Woodworth and Wigglesworth, 1934). 

2. Eocene deposits have been recorded from Gay Head on Martha’s Vineyard. 
The fossils suggest a correlation with the Shark River formation of New Jersey 
(=Claiborne) (Brown, 1905). 


NEW JERSEY 


3. The writer does not agree with the combining of the Cape May (part) and the 
Pensauken (part) in the Sangamon interglacial, nor with the combining of the 
Pensauken (part) with the Bridgeton (part) in the Yarmouth interglacial. Cooke 
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says (p. 1715) that “the Pleistocene formations of New Jersey need restudy in th 
light of the glacial control theory.” The work of MacClintock and Richards (1934 
and the subsequent work of MacClintock (1943) has attempted to do just that 
The Cape May with its warm-water fauna is correlated with the last major inte. 
glacial stage (probably Sangamon). It has not been possible to recognize the varioy 
terraces of Cooke in New Jersey, and in the absence of fossils it is very difficult ty 
correlate the New Jersey Pleistocene with that farther south. The Pensauken anj 
Bridgeton formations are virtually indistinguishable, except on elevation, and for 
that reason are regarded as the “‘Pensauken-Bridgeton Complex” of Early Pleistocene 
age (probably Nebraskan to Yarmouth) thus representing both glacial and inter. 
glacial stages (MacClintock and Richards, 1936, p. 335). Cooke has apparently ex. 
tended his terraces north into New Jersey and consequently divided the New Jersey 
Pleistocene formations solely on elevation. This division is not supported by field 
evidence.! 

4. The Beacon Hill formation should be included in the Pliocene and probably cor. 
related with the Bryn Mawr gravels of Pennsylvania. 

5. The Kirkwood formation (Miocene) should represent a much longer time inter- 
val than shown in the chart. Most of the outcrop, especially the “Shiloh marl,” 
is equivalent to the Calvert formation of Maryland, but part of the subsurface Kirk- 
wood is equivalent to the St. Mary’s formation (Richards and Harbison, 1942). 

6. The Cohansey formation should therefore be higher than the Choptank and 
probably equivalent to the Yorktown formation. It is unfossiliferous except for a 
few plant remains near Bridgeton, N. J., which suggest a Miocene age (Hollick, 1892), 

7. There is no evidence, faunal or stratigraphic, for an unconformity between the 
Manasquan and Shark River formations (Eocene). It is more probable that these 
two formations represent a single unit.” 

8. A recent well at Brandywine Lighthouse in Delaware Bay has shown the pres- 
ence of Jacksonian deposits immediately under the Miocene (Richards and Harbison, 
1944). 

9. Recent unpublished studies on Foraminifera by Haviland (Richards, 1945) 
suggest that at least the lower part of the Hornerstown formation may be correlated 
with the Midway instead of with the Wilcox as usually indicated. 


DELAWARE-MARYLAND-VIRGINIA 


10. The Yorktown formation (Miocene) does not extend north of Virginia. This 
is not clearly indicated on the chart. 


1 Meridith E. Johnson (personal communication) reports ‘‘In the last 15 years the Pleistocene formations in New Jersey 
have been rather intensively restudied, and from my experience there is a marked difference in the age and appearance of 
the Cape May and Pensauken formations. All available evidence indicates that the Cape May is of late Pleistocene age, 
whereas the Pensauken is mid-Pleistocene or older. There is no unconformity within the Pensauken, nor can one find 
field evidence of a hiatus in the Cape May formation. 

Lithologically, the Pensauken and Bridgeton formations are practically inseparable, although the latter has been 
eroded more and occurs at higher elevations. It seems reasonable to assign an early Pleistocene age to the Bridgeton, but 
I do not know of any evidence by which it can be classified as partly post-Jerseyan and partly pre-Jerseyan.” 

2 Meredith E. Johnson (personal communication) reports “All the stratigraphic evidence I have noted supports the 
view that deposition was continuous from the beginning of Hornerstown time through Vincentown, Manasquan, and 
Shark River time. The unconformities noted in the correlation table are certainly questionable.” 
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11. It is probable that the Aquia formation is not the exact equivalent of the 
Hornerstown and Vincentown formations in New Jersey (=Rancocas group). 
Faunal studies now under way may yield further information on this point. 

12. Jackson and Midway faunas have been recognized in Delaware and Virginia 
wells (Richards, 1945). 


NORTH CAROLINA 


13. There is a good faunal and stratigraphic evidence for the division of the York- 
town formation into two units in northeastern North Carolina. The lower unit was 
correlated with the St. Mary’s by Miller (Clark, Miller, e¢ al., 1912) and was desig- 
nated ‘““Murfreesboro stage” by Olsson (1917), but these names are invalid. 

14. There is no evidence for the presence of the St. Mary’s formation in North 
Carolina. The “St. Mary’s” of Miller is in reality the lower part of the Yorktown 
(Mansfield, 1928). A study of fossils from numerous wells in North Carolina has 
revealed no St. Mary’s species in the subsurface. 

15. There are gravel deposits in North Carolina (Anson County, etc.) higher than 
the 270 foot “shore line” of Cooke (=Brandywine). These are part of the old 
“Lafayette” of earlier workers and are probably of late Pliocene age and may possibly 
be correlated with the Beacon Hill of New Jersey. 

16. Recent collections from Silverdale, N. C., confirm the correlation of the Trent 
marl with the Tampa limestone of Lower Miocene age (Richards, 1943c). 

17. Studies now in progress have revealed Eocene faunas near the Fall Line in 
North Carolina. Fossils have been collected near Spout Spring, Lillington, Raleigh, 
Clayton, and Thelma. While they may not all be contemporaneous, it is believed 
that at least the Clayton and Raleigh fossils are of Middle Eocene age (Claiborne 
or Wilcox). The Lillington deposits were correlated with the Black Mingo by Cooke, 
which is probably correct. 

18. Pamunkey (Wilcox) fossils have been found in a well at Williamston, N. C. 
(Mundorff, 1944; Richards, 1945). 


SOUTH CAROLINA 


19. A fauna from excavations for the Santee-Cooper Canal, near Moncks Corner, 
S. C., may be either early Pleistocene or Late Pliocene. If the former, it is the 
highest elevation for marine Pleistocene fossils from the Atlantic Coastal Plain (75 
feet) (Richards, 1943b). 

20. Other collections from the Santee-Cooper Canal have confirmed the correla- 
tion of the Santee limestone with the Jackson (Late Eocene) (Harbison, 1944). 


21. Midway microfossils are known from the deep well at Parris Island, S. C. 


(Richards, 1945). 


GEORGIA 


22. A mixture of brackish- and fresh-water species is known from the banks of the 
Satilla River near Atkinson, Ga. (Aldrich, 1911; Dall, 1913; Cooke, 1943, p. 103). 
This deposit can probably be correlated with the Charlton formation (Pliocene). 
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FLORIDA 


23. Although the correlation chart does not attempt to include subsurface forma- 
tions, it is interesting to observe that the Miocene and Oligocene, as well as all major 
divisions of the Eocene (Jackson, Claiborne, Wilcox, and Midway) have been found 
in wells in southern Florida (Cole, 1938; 1941; 1942; 1944). New names for some 
of these formations have been proposed (Applin and Applin, 1944). 

24. When the correlation chart appeared, the writer could not understand the corre- 
lation of the Fort Thompson formation with the entire Pleistocene in southern Florida, 
as proposed by Cooke. However, evidence for this correlation appeared subsequently 
in a paper by Parker and Cooke (1944). After reading this report, the writer is still 
not entirely convinced that the variations between fresh-water and marine limestone 
along the Caloosahatchee River could not have all taken place within a single inter- 
glacial stage. 

NEW JERSEY TO FLORIDA 


25. According to the chart, the Pamlico and the upper part of the Cape May are 
Peorian (=mid Wisconsin). Previous reports of Cooke (1936) had regarded the 
Pamlico as Sangamon. The work of the present writer has also suggested that the 
Cape May, Pamlico, and Anastasia formations dated from the last major interglacial 
stage (probably Sangamon), and all marine Pleistocene fossils between New Jersey 
and Fiorida had been correlated with this interglacial marine invasion. The inter- 
pretation on the chart is different from Cooke’s previously published views and is not 
fully explained in the noted accompanying the chart. However, Parker and Cooke 
(1944) regard the Pamlico as mid-Wisconsin, while the Anastasia, Miami, and Key 
Largo formations are correlated with the Talbot (42 feet), Penhalloway (70 feet), 
and Wicomico (100 feet), all Sangamon. 

The present writer has no serious quarrel with the correlation of the fossiliferous 
deposits (called Pamlico by Richards, 1936) with the higher Talbot terraces (shore 
line at 42 feet). In fact, at many of the fossil localities (Cape May, N. J., New Bern, 
N. C., Mrytle Beach, S. C., Rose Bluff, Fla.) the marine deposits are overlain by an 
unfossiliferous sand. The surface of the land at all marine Pleistocene fossiliferous 
localities between New Jersey and Florida is less than 28 feet above sea level,’ so 
this overlying sand could well be correlated with the 25-foot Pamlico terrace, the 
exact age of which is still uncertain. 

As pointed out by Cooke in the notes accompanying the correlation chart (p. 1714), 
Flint recognizes only two features along the Southern Atlantic Coastal Plain that can 
definitely be recognized as marine, the higher “terraces” being largely stream deposits 
of uncertain age and origin. These two marine features are the Surrey Scarp (shore 
line at 25 feet elevation) and the Suffolk Scarp (shore line at 100 feet). The paleonto- 
logical work of the present writer definitely supports the marine character of the 
lower scarp but gives no data for the higher scarp. In view of the lack of marine 
fossils together with the arguments advanced by Flint, the correlation of the higher 
marine terraces must be regarded as questionable. As Johnson has correctly pointed 


3 With the possible exception of the locality near Moncks Corner, S. C., which is either early Pleistocene or Pliocene. 
See paragraph 19. 
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| out (1944), until careful geomorphic studies are carried out, the whole matter of the 


correlation of widely separated Pleistocene terraces must remain open. 
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ABSTRACT 


Study, by means of the Federow universal stage, of the fractures in vein quartz in the Antietam 
quartzite of Cambrian age in Maryland indicates that rupturing occurs along numerous crystal. 
lographic planes. Of these planes the positive and negative rhombohedra are the most abundant, 
with the prisms m and a, the base c, the pyramids s and £ well represented. 

Identification of the deformation planes was accomplished by first plotting the ¢ axis in the lower 
hemisphere of an equal net and then rotating it into the center. The poles of all planes were then 
rotated accordingly and referred to a master sheet containing all the poles of the trigonal trapezohe- 
dral or low quartz class. 

Fractures are either sharp breaks with or without recrystallized quartz or opaque and fluid in- 
clusions. Some ruptures are not single breaks but are composite, usually consisting of two different 
planes. Quartz grains tend to break into elongated slivers bounded by crystal planes. 

There is a definite relation between the orientation of the quartz grains and the vein wall, but no 
relation was noted between the rock cleavage and grain orientation. The relation of the fracture 
pattern to vein wall suggests that both compression and translation oi the walls may have produced 
this pattern and may have caused the rotation of the grains into preferred positions. 

Results indicate that quartz is a delicate indicator of stress. 


INTRODUCTION 


Quartz is commonly used in the structural petrologic study of deformed rocks, and 
microscopic investigations have revealed that it is highly sensitive to stress (Griggs 
and Bell, 1938). The evidence obtained primarily from statistical microscopy indi- 
cates that the preferred orientation of the c axis of quartz is the result of certain 
mechanisms that are related to crystallographic planes. The identification of these 
planes is based on the interpretation of statistical analyses and on experimental evi- 
dence (Griggs and Bell, 1938). The excellent material upon which this paper is based 
was found in vein quartz, and the fracture pattern in the individual grains is so clear 
that the deformation planes can be identified. The purpose is, therefore, to study 
and to identify the various planes and to determine whether there is any relation 
between the vein wall and rock cleavage and the fracture pattern of the quartz. The 
study endeavors to determine the various types of deformation planes rather than 
the number of each. 
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FIELD RELATIONS AND GENERAL PETROGRAPHY 


The material comes from veins which vary in thickness from approximately 1 to 
7s inch and represents the filling of tension cracks. The country rock is the Antietam 
(Cambrian) quartzite which is composed of very small, subangular quartz grains ina 
matrix of chlorite, biotite, and iron oxide. The Antietam quartzite at the sampling 
locality represents a low grade of metamorphism. It lacks secondary silica, cementa- 
tion of grains, and contains a large amount of chlorite. Flow cleavage is pronounced, 
and a trace of bedding is discernible. Samples were collected approximately 8 miles 
south of the town of Frederick and 3 miles west of Sugar Loaf Mountain on the west 
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side of Monocacy River in Maryland and were not oriented in the field. However, 
the pronounced cleavage in the quartzite and the attitude of the vein wall to the sec- 
tion can be used to determine the relation between the fracture pattern of the in- 
dividual grains and the above rock elements. 

The vein filling consists of both quartz and chlorite in varying abundance, causing 
the color of the veins to change from dark green, when chlorite is more abundant, to 
milky white when quartz predominates. Usually quartz and chlorite are mixed 
(Pl. 1, fig. 1). When quartz predominates, deformation planes are more highly de- 
veloped. Abundant chlorite acts as a buffer, and quartz grains do not exhibit the 
variety of cracks. All quartz shows pronounced undulatory extinction and an ir- 
regular shape. 


TECHNIQUE OF STUDY 


The Federow universal stage was employed to study the individual deformation 
planes. Each plane was rotated into either a north-south or east-west direction 
parallel to the axes of the stage and then rotated until it appeared clear and narrow. 
Some planes could not be used because they were too steeply inclined to the vertical 
to be made sharp and distinct. When planes were sharp and distinct, they were 
parallel to the plane of the microscope, and their pole could, therefore, be plotted 
from the angular readings on the stage. The orientation of the c axis was next de- 
termined and plotted. Plotting of the poles of all planes and the ¢ axis was done in 
an equal-area net and in the lower hemisphere. This type of projection was used 
because the results could easily be compared with those obtained from fabric analyses. 

It was evident that the orientation of the quartz grains, as shown by the position 
of the c axis in the projection, made it difficult, if not impossible, to identify the planes 
whose poles had been plotted. This was overcome by rotating the c axis into the 
center of the projection and all poles in the same direction and through the same num- 
ber of degrees. If the deformation planes were actual crystal planes, their poles 


should fall on or very near the correct position of the poles of the quartz faces. To. 


prove this, the position of the poles of quartz planes would have to be known. 

A master sheet was prepared containing the poles of all principal forms of the tri- 
gonal trapezohedral or alpha-quartz class (Fig. 1D). This projection also utilized 
the equal-area net and the lower hemisphere. The advantages of this projection are 
obvious when the projection of a group of unknown poles is superimposed. 


DESCRIPTION OF DEFORMATION PLANES 
SHARP FRACTURES 


Sharp fractures are most abundant (PI. 2, figs. 1, 4; Pl. 3, figs. 2, 3; Pl. 1, fig. 2). 
Many traverse the entire grain, but others continue for only a relatively short dis- 
tance. They appear as narrow light-colored bands and resemble albite twinning 
lamellae. When planes of this type are rotated into a vertical position, the bright 
bands disappear, and their place is taken by a razor-sharp dark line. Some planes 
are too steeply inclined to the vertical to be brought into a vertical plane, hence they 
remain as narrow light bands and cannot be used in the identification. 
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FRACTURES WITH RECRYSTALLIZED QUARTZ 


A few grains had been more deformed than most. In these, the boundaries of the 
fracture are irregular, and recrystallized quartz is present within them (PI. 3, figs, 
1, 3,4). The recrystallized quartz appears both as vein filling and as small discrete 
grains. 

BOEHM LAMELLAE 


The original description of this type of deformation refers to rows of opaque, 
fluid, and gaseous inclusions in the quartz of deformed rocks (Griggs and Bell, 1938), 
They also have been referred to as traces of planes in the neighborhood of the basal 
plane, but in this work rows of opaque and fluid inclusions have been noted which 
are nearer other planes than the basal pinacoid (Planes 7 and 8 of Pl. 3, fig. 4; and 
Fig. 7 C). There are also many that occur either parallel to the basal plane or very 
near to it (Fig. 2C; Pl. 2, fig. 2. Fig. 5C; Pl. 3, fig. 2). These inclusions penetrate 
the grains and occur along minute fractures. 


PSEUDO LAMELLAE 


The term pseudo lamellae is employed here to differentiate between the lamellarlike 
structure (PI. 1, fig. 3) and deformation lamellae, as described by Fairbairn (Fair- 
bairn, 1941). Pseudo lamellar quartz was noted several times; it looks like albite- 
twinned plagioclase. The bands are usually continuous and not tapering and become 
thinner on rotation of the universal stage. When the grain is oriented with the optic 
axis vertical, it remains in extinction on revolution about the vertical axis, proving 
that all parts of the grain have the same optical orientation. Quartz with pseudo 
lamellar structure is similar to that with sharp fractures. The width of the bands is 
due to the nearly flat position of the deformation planes which are roughly parailel. 
The crystal has, therefore, been deformed along planes parallel to the negative rhom- 
bohedron. 

ANALYSIS OF THE DEFORMATION PLANES! 
GENERAL STATEMENT 


In the eight grains studied it was noted that there are certain preferred as well as 
certain subsidiary deformation directions in the same crystal. The deformation 
planes are numerous; they are parallel, and most of them are characterized by sharp 
breaks and rows of opaque and fluid inclusions. The planes actually identified can 
be grouped into rhombohedral planes, prismatic planes, pyramidal planes, basal 
planes, and composite planes. 


RHOMBOHEDRAL PLANES 


Planes of this general type are the most abundant and are parallel to both the posi- 
tive ry and d forms and the negative z form (Fig. 9). Fracture systems parallel tor 


1The nomenclature to describe the planes in quartz used in this study is as follows:- 
c is the basal pinacoid (0001) 
m is the hexagonal prism, 1st order (1010) 
a@ is the trigonal prism, 2nd order (1120) 
r is the positive rhombohedron, 1st order (1010) 
d is the positive rhombohedron, 1st order (1120) 


is the negative rhombohedron, 1st order (0111) 
is the trigonal pyramid, 2nd order (1121) 

is the trigonal pyramid, 2nd order (1122) 

is the ditrigonal prism (5160) 
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Ficure 3. DEFORMED QuARTz GRAIN SHOWING PSEUDO-LAMELLAR STRUCTURE 


VEINS OF QUARTZ AND CHLORITE AND DEFORMED QUARTZ, 
ANTIETAM QUARTZITE 
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c D 
Ficure 1.—Camera lucida sketch and equal-area projections of quartz 
A. Camera lucida sketch of quartz grains (PI. 2, fig. 1) C. Equal-area projection with c axis rotated into center. 


showing fracture system and attitude of optic axis in vari- Poles of planes studied, together with poles of vein and 

ous parts of grain. Arrows indicate direction of pitch of cleavage rotated accordingly. 

the axis. D. Equal-area projection in lower hemisphere of the tri- 
B. Equal-area projection in lower hemisphere of planes gonal trapezohedral or a-quartz class, used to identify 

studied, their poles together with the c axis, the intersec- poles of deformation planes. 

tion of the vein and section of slide and also the plane of the 

cleavage in the quartzite. 


were noted in four grains, parallel to d in one, and parallel to z in at least four, but 
possibly in six grains. 

Some quartz exhibits excellent rhombohedral deformation planes, represented by 
poles 1, 2, and 3 (Fig. 3; Pl. 2, fig. 4). Both ther and d directions are important, and 
each is represented by numerous, parallel fractures. Pole 1 indicates a plane parallel 
tor-r;y, the pole as plotted being only 4° from the actual pole of r-r;y. This deforma- 
tion direction is characterized by sharp fractures containing neither opaque nor fluid 
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FIGURE 2.—Camera lucida sketch and equal-area projections of quartz 


A. Camera lucida sketch of deformed quartz grain (Pl. mation planes and their poles with planes and poles of 
2, fig. 2), showing location of deformation planes and atti- cleavage and vein and position of c axis. 
tude of optic axis. C. Equal-area projection showing rotation of c axis to 
B. Equal-area projection showing relationship of defor- center and position of all poles after rotation. 


inclusions. Only three planes parallel to the form represented by pole 2 were noted. 
At the zero position, they appear as wide bands of opaque inclusions which become 
narrow and distinct when rotated into the vertical. The plane of pole 2 has been 
referred to the form r;-ry, although it falls 9° off the pole of this form. Planes repre- 
sented by pole 3 belong to the d form, the error being only 2°. The fractures are 
numerous, sharp, and distinct and occasionally contain opaque inclusions. 
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od. Figure 3.—Camera lucida sketch and equal-area projections of quartz 
ne A. Large-scale camera lucida sketch of quartz grain C. Equal-area projection showing relation of deforma- 
en (Pl. 2, fig. 3) showing general character of deformed grain _ tion planes and their poles, the position of the ¢ axis, and 

and surrounding grains, together with the attitude of the _ the location of the planes of the vein and cleavage with 
e- optic axis. their poles. 
re B. Small-scale camera lucida sketch of quartz grain (Pl. D. Equal-area projection with c axis at center and show- 


2, fig. 4) of a portion of grain of Figure 1A showing relation- _ing relation of all poles after proper rotation. 
ship of deformation planes. 
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Figure 4.—Camera lucida sketch and equal-area projections of quartz 


A. Camera lucida sketch of quartz grain (PI. 3, fig. 1) C. Equal-area projection of the two deformatioi planes 
showing deformation planes and attitude of c axis. after rotation of c axis to center and all poles rotated ac- 
B. Equal-area projection of two important deformation _ cordingly. 
planes and their poles, together with the planes and poles 
of the vein and cleavage. 


Rhombohedral deformation planes are well developed in some quartz (Fig. 4; 
Pl. 3, fig. 1). The walls of the fractures are both sharp and parallel and irregular. 


The breaks are both wide and narrow (PI. 3, fig. 1). Deformation seems to have 
been intense in this case, with granulation in some fractures and new quartz healing 
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others. The inclination of the planes makes it impossible to bring them into a verti- 
cal position, hence their poles are 14° from the poles of r;-ry and Zy;-2177.. On the other 
hand, the interfacial angle r; Azz; on quartz is 72°, and this corresponds to the angle 
between pole 1 and pole 2 of Figure 4C. The two planes are, therefore, the positive 
and negative rhombohedra. 

In some quartz (Fig. 5; Pl. 3, fig. 2) two rhombohedral deformation planes are 
represented by poles 3 and 5. Both these fractures are short and are usually asso- 
ciated with other more numerous and longer breaks. The plane represented by pole 
3 is a sharp fracture with well-defined boundaries and contains opaque inclusions. 
This plane is located 5° from the pole of the form r-r;y. The plane represented by 
pole 5 is 2° from the negative rhombohedron z;-y and is characterized by a concen- 
tration of both opaque and fluid inclusions. 

Fractures parallel to the negative rhombohedron form 27;-2717 (Fig. 6; Pl. 3, fig. 3) 
are characterized both by sharp and irregular boundaries, and microgranulation is 
occasionally observed. 

The identification of rhombohedral directions in the quartz (Fig. 1; Pl. 2, fig. 1) is 
not conclusive. The plane represented by pole 1 falls midway between the zones 
containing the negative rhombohedron and the right-handed trigonal pyramid of the 
2d order (srr). Only one plane of this type was noted, and it is characterized by a 
concentration of opaque inclusions. Plane 3 is located in the zone of the negative 
thombohedron z;-zy, but here again the pole falls about midway between the forms 
sry and m-my (1012). Very few planes of this type are present, and they are marked 
by bright bands with opaque and fluid inclusions which become sharp, dark lines on 
rotation into a vertical position. 

The quartz grain referred to as containing pseudo lamellae reveals deformation 
planes which are thought to be parallel to the negative rhombohedron 277-2777 (Fig. 8; 
Pl. 1, fig. 3). The wide, bright bands indicate planes steeply inclined to the vertical 
and hence cannot be rotated into a vertical plane. With maximum rotation, the 
poles of five planes in the grain fall in the position shown in Figure 8B. With the . 
position of the c axis determined for each element and then rotated into the center 
of the projection, the poles of the lamellae, when rotated, fall within 17° of the forms 
trtn1. If the planes could be rotated into the vertical, the poles would migrate in 
the direction of 277-2117. Therefore, we are dealing with a grain which has been de- 
formed along a series of parallel planes which are, in turn, parallel to the negative 
thombohedron. 

Billings (1942, p. 350) refers to a possible glide plane in quartz parallel to the rhom- 
bohedron form (0113). No forms of this type were noted in this study. The com- 
mon and abundant forms were r and z, while the d form occurred only once. 


PRISMATIC PLANES 


Planes of this category are of two principal types: the hexagonal prism, 1st order 
or m form, and the trigonal prism, 2d order, or a form. The m forms were encoun- 
tered three times, and the a forms five times. In one instance, the pole of a fracture 
fell on the pole of the & form, or ditrigonal prism. 

Deformation planes after the 1st order prism are found in grains represented by 
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FiGuRE 5.—Camera lucida sketch and equal-area projections of quartz 


A. Camera lucida sketch of quartz (PI. 3, fig. 2) showing _—_ and their poles, together with the c axis, planes of cleavage 
relationship of deformation planes and attitude of ¢ axis. and vein, and their poles. 
B. Equal-area projection of different deformation planes C. Equal-area projection showing position of poles after 
rotation with c axis in center. 


Figure 4 of Plate 2 and Figure 3, and by Figure 2 of Plate 3 and Figure 5. In the 
first instance, the plane represented by pole 5 is a sharp break, occasionally contains 
opaque matter, and is parallel to the my form. This is an important deformation 
j direction in this grain. In the second instance, the 1st order prism is again an im- 
portant direction of fracturing and is represented by planes whose poles fall on or 
very near those of the m and m;y forms. The m direction is the most common one 


in this grain and is characterized by narrow cracks with sharp, parallel boundaries. 
The 2d order prism or a direction is found in grains represented by Figure 1 of 
Plate 2 and Figure 1, Figure 4 of Plate 2 and Figure 3, Figure 3 of Plate 3 and Figure 
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FIGURE 6.—Camera lucida sketch and equal-area projections of quartz 


A. Camera lucida sketch of fracture system in quartz axis, the position of the planes of the vein and the cleav- 
(Pl. 3, fig. 3). age, together with their poles. 

B. Equal-area projection showing relationship of defor- C. Equal-area projection showing position of all poles 
mation planes studied, position of their poles and of the _after rotation. C axis rotated to center. 


6, and Figure 4 of Plate 3 and Figure 7. The fractures in the quartz of Figure 1 of 
Plate 2 are 4° and 6° from the poles of the a; right and az; left forms. The a; direc- 
tion is the most common and appears as numerous clean, sharp breaks. The azz 
direction is similar to ay but contains some opaque matter. In the second example 
above, pole 4 falls within 3° of the pole of the a right form. The plane contains much 
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FIGURE 7.—Pantograph sketch and equal-area projections of quartz 


A. Pantograph sketch of composite fracture system in _ prising the fracture system, the position of the c axis of the 

quartz (PI. 3, fig. 4). grain, and the planes and poles of the vein and the cleavage. 

B. Equal-area projection of the poles of the planes com- C. Equal-area projection of all poles after rotation with 
the c axis in the center. 


opaque matter but is not an important rupture direction in this grain. Figure 3 of 
| Plate 3 and Figure 6 show several well-defined fractures which exhibit microgranu- 
: lation within the walls and whose poles fall within 7° of the a; right form. Plane 4 
of Figure 7 is a part of a composite fracture (Pl. 3, fig. 4). The pole of this plane is 
4° from that of the a left form. 


PYRAMIDAL PLANES 


Fractures parallel to the 2d order trigonal pyramid are not common. With the 
exception of the grain that has a composite fracture system (Fig. 7; Pl. 3, fig. 4) only 


Th 
by th 
cates 

cleave 
The 
plotte 


th 
1¢ 
ab 
of 
24 cul 
bot 
sr 
a | oth 
PLA / thi: 
/ py! 
/ 1 is 
a ~ 
L 
a star 
bot! 
=~ 
4 / stan 
; \ frac 
"Oss 
‘de 
\ 
/ \ ° mad 
y \ tion 
@miz. \ to th 
fract 
a, 
c 
the u 
fracti 
six p 
(Fig. 
cyst. 
RE 


f the 


rage. 
with 


of 
nu- 
e4 
is 


the 
nly 


ANALYSIS OF DEFORMATION PLANES 421 


three instances were noted where the s form is the deformation direction. In Figure 
1 of Plate 2 and Figure 1, the s direction is represented by only one plane containing 
abundant opaque and fluid inclusions, and whose pole (pole 5) falls 5° from the pole 
of the form sy; right. In Figure 2 of Plate 2 and Figure 2A, a pronounced break 
cuts diagonally through the grain. This fracture contains secondary quartz, and the 
boundaries are quite irregular. The pole of this plane is 9° from the pole of the form 
sright (Fig. 2C) The quartz grain (Fig. 6; Pl. 3, fig. 3) shows several distinct and 
other faint break. parallel to the trigonal pyramid. The fractures have both parallel 
and irregular walls, and some granulation is present. Pole 3 (Fig. 6C) represents 
this plane, the pole falling 4° from the pole of the form s; right. The composite frac- 
ture system (Fig. 7; Pl. 3, fig. 4) contains four fractures which can be referred to 
pyramidal planes. In Figure 7C, pole 3 falls on the pole of the form & left, while pole 
1is 7° off. Pole 2 is 5° from the form s left, and pole 5 is 3° from the pole of the 
form right. 
BASAL PLANES 


Deformation planes parallel to the basal pinacoid were noted in only three in- 
stances. In two cases there are’numerous planes consisting of a concentration of 
both opaque and fluid inclusions arranged in relatively broad bands which, when 
otated into a vertical plane, become narrow and sharply defined. They represent 
typical Béehm lamellae (Fig. 2; Pl. 2, fig. 2. Fig. 5; Pl. 3, fig. 2). In the third in- 
stance, the basal plane is represented by a sharp break which is part of the composite 
fracture (Fig. 7; Pl. 3, fig. 4). 


COMPOSITE PLANES 


In practically every grain studied, many fractures are not single breaks but are 
made up of one or more planes, traversing the grain step like (Pl. 3, fig. 2). Deforma- 
tion planes parallel to the basal pinacoid (Fig. 5A, pole 4) are joined by planes parallel 
to the negative rhombohedron (z;-zy). Figure 3 of Plate 3 also shows a composite 
fracture consisting of 2d order prisms (a; right) and the trigonal pyramids (s; right). 
The 2d order prism wu; right and the negative rhombohedron 2z;-zy also form a com- 
posite fracture (Fig. 1; Pl. 2, fig. 1). Another excellent composite fracture is seen in 
the upper part of Figure 4 of Plate 3. In this case, the system is composed of several 
fractures, and the grain is tending to break both vertically and horizontally. The 
six planes which make up this system are: é left, s left, a left, — right, and c forms 
(Fig. 7). Planes 7 and 8 are random directions and are not related to any definite 
crystal plane. 


RELATION OF DEFORMATION PLANES TO VEIN WALL AND ROCK CLEAVAGE 


The Antietam quartzite possesses a pronounced flow cleavage which is transected 
by the quartz-chlorite veins. The random position of the pole of the cleavage indi- 
cates that it andedates the formation of the vein quartz. Also, no trace of the 
cleavage is noticeable in any of the quartz grains. 

The plane of the vein, with respect to the rock section, and its pole have been 
Plotted in all projections, and the vein pole has also been rotated. The vein wall is, 
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in each instance, parallel to a crystallographic direction in the quartz (Fig. 10). In 
other words, although the quartz grains are irregular in shape, they show a preferred 
orientation within the walls of the vein. This orientation makes the r, 2, m, ¢, a, 
and s directions of quartz parallel to the vein wall (Fig. 10). Of these directions, the 
rhombohedra (r and z) and ist order prism m are the most common. This orienta- 
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FicuRE 8.—Camera lucida sketch and equal-area projection of pseudo-lamellae 
in quarts 


A. Camera lucida sketch of pseudo lamellar quartz (Pl. B. Equal-area projection showing position of unrotated 
1, fig. 3) showing area studied and character of c axis. and rotated c axis and poles of various planes. 


tion may be the result of original growth in the vein, or it may be the result of de- 
formation after the quartz was intruded. 


EFFECT OF DEFORMATION ON THE OPTIC AXES 


Unuulatory extinction is common in all slides. Both the direction of the optic axis 
and its inclination with the plane of the section were determined and plotted in 
different parts of the grains (Figs. 1A, 2A, etc.). ; 

The displacement of the optic axis is variable and seems to have been influenced 
by fracturing. The direction of the axis in Figure 1A varies only a few degrees in the 
main portion of the grain, but on the right side the variation is up to 26°. The dip 
of the axis varies from 7° to 17° depending on the section of the grain. The same 
phenomena were observed in Figure 2A where both direction and dip are influenced 
by fractures. In the cross fracture of this grain, secondary silica with another optical 
orientation has been developed. Figure 3A and Figure 3 of Plate 2 are of a grain 
with pronounced fracturing, but the direction of the optic axis varies only slightly. 
This slight change of orientation is enough to produce a marked indulatory extinction. 
In contrast with this nearly constant direction of the optic axis is the marked change 
in dip of the axis in the upper and lower portions of the grain. This is largely con- 
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trolled by the long cross fractures and represents a rotation about an axis which is 
parallel or nearly parallel to the basal pinacoid. 

The extinction phenomena are, with few exceptions, uniform in all quartz grains. 
There are a few grains in which fracturing is intense enough to produce a reorienta- 
tion of the optic axis with respect to an adjacent portion of the grain, thus causing a 
sharp change in extinction. 


DISCUSSION OF RESULTS 
THEORETICAL CONSIDERATIONS 


The theoretical relation between deformation planes and crystal directions has 
been studied by Fairbairn (1939) who demonstrated that certain preferred imperfect 
cleavage directions are related to the crystal structure of quartz. The difficulty of 
cleaving quartz is due to its crystal structure. In its three-dimensional framework, 
each oxygen atom is shared by two tetrahedra, and all planes sever the Si-O bonds. 
On the other hand, the bonding favors cleavage in some directions more than in 
others. Fairbairn has summarized these results,and has shown that the best cleavage 
should be parallel to r and z with bonding for m being 36 per cent greater than that 
for r and z; that for c 48 per cent greater; and that for a 55 per cent greater (Fairbairn, | 
1939, p. 361). In order of perfection, cleavage after r and z should be best developed, 
followed by m, c, a, s, and x, although it is questioned whether s and x represent inde- 
pendent cleavage directions. Fairbairn warns against using these figures quantita- 
tively because no consideration was given to the resolution of forces necessary to 
break the tetrahedra. This important factor must be borne in mind when dealing 
with deformed quartz. 


EXPERIMENTAL WORK 


The work of Griggs and Bell on quartz, under high confining pressures, revealed 
that quartz breaks into needlelike fragments (Griggs and Bell, 1938). The optical 
orientation of these fragments indicates that the quartz tends to rupture parallel or 
subparallel to the c axis, the unit rhombohedron, and the base. The histograms 
(Griggs and Bell, 1938, p. 1739) show that regardless of whether the c axis is parallel 
to the axis of the cylinder, or whether it is at a 45-degree angle, or whether it is at a 
90-degree angle, the majority of the breaks are parallel or subparallel to the axis of 
the cylinder. On the other hand, in the first case, a few breaks were noted parallel 
to the unit rhombohedron and the base; in the second case, a few were parallel to the 
base, but more parallel to the c axis, while, in the third case, a few approached the 
position of the unit rhombohedron. A certain similarity is noted among the above 
facts, based on experiments and the observed data from the vein quartz. Although 
the experimental work revealed only three preferred rupture directions, it was carried 
on under high confining pressures. 

Sosman (1927, p. 488) summarizes certain data which show that the positive 
thombohedral direction is better developed than the negative rhombohedral direc- 
tion. Also, other fractures are reported parallel to m, c, a, s, and x. There is some 
question whether m and a represent independent cleavage directions or whether they 
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are made up of composite ruptures. Independent cleavage parallel to m seems to be 
possible, as recorded by both Drugman (1939) and Fairbairn (1939). 


CORRELATION OF RESULTS 


The present study confirms the experimental results and those postulated by 
theory—namely, that the rhombohedral directions r and z in quartz are common 
cleavage directions. It further indicates that rupturing can take place along other 
directions—namely, parallel or subparallel to a, s, m, c, &, d, and possibly &. Of all 
these possible planes, those parallel or subparallel to 7, d, z, m, c, and a are relatively 
abundant. Only one grain was noted in which the s direction was numerous, and, in 
this case, it formed a composite fracture with the a direction. 

The direction of fracture developed seems to have depended on the orientation of 
the crystals within the vein and their relation to the vein wall (Fig. 10). This is 
brought out by Figures 3C and 5C, in which the vein wall is parallel to the positive 
rhombohedral direction r-r;y and the most pronounced deformation planes are posi- 
tive rhombohedral forms r and d and the 1st order prism form m. Figure 4C shows 
the vein wall parallel to the 1st order prism mr; and the deformation planes parallel 
to rr-ry and Zyr-Zzr11, while in Figure 6C the vein wall is also parallel to myzz, but 
the pronounced fracturing is in the direction of a and s with subordinate directions 
parallel to z. 

Fracture directions seem to have been controlled by the relative movement of the 
vein walls. The individual cases of Figure 10 seem to indicate that the crystals have 
been subjected to stresses caused both by compression and translation of the vein 
walls. This is suggested in Figures 3C and 5C where numerous ruptures are parallel 
to the vein wall (r — r;y) and inclined in the positions of mand my. Also, in Figure 
4C, the vein wall is parallel to my;z, and the fractures are parallel to r;-ry and 2rr-2m. 

The deformation pattern of the vein quartz further indicates that the crystals are 
fracturing into more or less elongated slivers. These slivers are bounded by crystal 
planes, the identification of which has been the object of this work. 


CONCLUSION 


Identification of the planes which comprise the numerous fractures in the vein 
quartz of the Antietam quartzite reveals a striking agreement with both theoretical 
and experimental results. It has been shown that the rhombohedral directions , :, 
and d are preferred rupture planes and that the prisms, m and a, the base c, and the 
pyramids s and é are also important. The study also reveals that, in several in- 
stances, the fractures are composite. The quartzes are oriented with respect to the 
vein wall but not to the rock cleavage. The deforming forces were too weak to affect 
the country rock, as revealed by the lack of granulation and recrystallization and by 
the optical character of the minerals. The deformation pattern of the crystals sug- 
gests that they are in the first stages of disintegrating into more or less elongated 
fragments, bounded by definite crystal planes. The ability of quartz to fracture 
along so many crystal planes is an important factor to be taken into account in 
statistical studies. Sander, through the interpretation of orientation diagrams o 
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quartz in tectonites, has concluded that quartz possesses preferred directions of 
rupture and that these become oriented in definite relation to deforming forces. 
This study confirms the results of petrofabric investigations but indicates further 
that there are more planes along which fracturing can occur than are suggested by 
petrofabric interpretations. All factors point to the conclusion that quartz is a deli- 
cate indicator of stress. 
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EXPLANATION OF PLATES 2 AND 8 
PLaTE 2.—DEFORMATION PLANES IN QUARTZ 


Figure 1.—Deformed quartz showing fracturing in direction of the second order prism (a-face), the 
negative rhombohedron (z-face), and the trigonal pyramid or s-face. 

Figure 2.—Deformed quartz with deformation planes parallel to the basal pinacoid or c-face, the 
trigonal pyramid or s-face, and the prism face. 

Figure 3.—General character of deformed quartz grain and associated grains. 

Figure 4.—Enlarged section of Figure 3, showing fractures along positive rhombohedra or r and 
d-faces, along first order prism or m-face, and along second order prism or a-face. 
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PiaTE 3.—DEFORMATION PLANES IN QUARTZ 


Figure 1.—Fractured quartz grain showing two pronounced directions of deformation, one along the 
positive rhombohedron or r-face, and the other along the negative rhombohedron or 
z-face. ‘ 

Figure 2.—Deformation of quartz showing fractures parallel to the first order prism (m-face), the © 
positive rhombohedron (r-face), the basal pinacoid (c-face), and the negative 
rhombohedron (a-face). 

Figure 3.—Deformed quartz showing fracture following the directions of negative rhombohedron 
(z-face), second order prism (a-face), and the trigonal pyramid (s-face). 

Figure 4.—Deformed quartz grain showing composite fracture system in upper portion of crystal 
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ABSTRACT 


Rocks obtained from the sea floor off the southern California coast principally during the 1938 
cruises of the E. W. Scripps have been studied in the laboratory, and their petrographic character 
and fossil content determined. Rock was obtained from 132 localities in such environments as the 
narrow continental shelf, escarpments, hills, and the walls of submarine canyons. 

Large size, angularity, quantity of fragments in a single haul, and the presence of fresh fractures 
suggest that many of the samples are representative of the bedrock outcropping at the sampling 
locality. The material recovered includes sedimentary, igneous, and metamorphic types. Ages 
were determined partly by fossil content and partly by lithological comparison with rocks outcrop- 
ping on the adjacent land. Triassic-Jurassic, Cretaceous, Eocene, Miocene, and Pliocene are all 
represented, with Miocene rocks by far the most common. The igneous rocks are predominantly 
andesite, although some basalt was found. The chief conclusion from this reconnaissance work is 
that, aside from the abundance of phosphorite, the submerged basin and range province off the 
southern California coast is remarkably similar lithologically to that of the bordering land areas. 
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INTRODUCTION 


While rocks of much of the earth’s land area have been studied and mapped, sub. 
oceanic rocks are practically unknown because of the difficulty of procuring sample; 


. Most of the available information is very general and is based on collections made by 


oceanographic expeditions (Murray and Renard, 1891). Actual maping of outcrops 
on the sea floor has been restricted to small areas such as the English Channel, wher 
a comprehensive study was made by Dangeard (1928). 

In 1938 a program of geological investigation of the sea floor bordering Californiz 
was Carried on in the schooner E. W. Scripps under the direction of Shepard. About 
100 dredgings for rock were made off the southern California coast. These rock 
samples and other collections from the same area have been studied to obtain a 
rough picture of the geology of this submerged area. Additional lithologic data 
were derived from the islands and the adjacent mainland. 

Although an insufficient number of samples has been collected to permit the con- 
struction of a geological map, enough material is available to give a very general 
idea of the distribution of the rock formations on the ocean floor off southern Cali- 
fornia. Interpretations have been facilitated by contour maps (Shepard and 
Emery, 1941, Charts I, IT) based on several hundred thousand soundings made by 
the U. S. Coast and Geodetic Survey. 


ACKNOWLEDGMENTS 


The collection of the samples was made possible through a grant from the Penrose 
Bequest of The Geological Society of America and through the co-operation of the 
Scripps Institution of Oceanography, which loaned the vessel E. W. Scripps. 

In 1938 94 rock samples were collected with dredges, snappers, and coring devices. 
Twenty-eight samples were collected by Dr. Roger Revelle in 1936 and 1939 and by 
Shepard in 1935 using the Scripps and the E. W. Scripps. Nine rock samples from 
the area were collected with a snapper by Commander O. W. Swainson of the Coast 
and Geodetic Survey vessel PIONEER. One additional core sample was obtained by 
F. M. Varney and L. R. Redwine. 

The University of Illinois co-operated by giving two fellowships in absentia to 
Emery and leaves of absence to Shepard. Especial gratitude is due Dr. R. §. 
Dietz who made many of the preliminary rock descriptions and assisted in the 
marine work; to Mr. M. L. Natland, who kindly identified the Foraminifera in 
many of the sedimentary rocks; to Dr. P. D. Krynine, who made a careful analysis 
of the manuscript; and to Dr. Roger Revelle, who assisted in the collection of the 
rocks and made many suggestions regarding their study. Appreciation is also ex- 
pressed to Dr. S. G. Wissler and Dr. K. E. Lohman, who made other faunal determi- 
nations, and to Dr. A. O. Woodford who helped check identifications of metamorphic 
rocks. Assistance in the preparation of these materials was furnished by personnel 
of the Works Progress Administration (Official Projects 465-03-3-403 and 665-07- 
3-141) and the National Youth Administration. 


| 
ag 
4 
a 
« 
‘ 
< 
: ‘ 
3 ‘ 
nt 
‘ 
3 
ig 
4 


DESCRIPTION OF AREA 433 


DESCRIPTION OF AREA 


As described elsewhere (Shepard and Emery, 1941, p. 2-29) the sea floor off south- 
ern California consists of a series of banks and basins between the narrow continental 
shelf and the steep continental slope. This area has been given the name “‘continen- 
tal borderland.” Many of the slopes bordering the banks are straight and steep and 
in places descend with unchanged gradient into the deepest part of an adjoining basin. 
They are therefore thought to be fault scarps. Structural trends shown by these 
supposed fault scarps are not uniform throughout the borderland but in general they 
parallel structural trends of the adjacent mainland or islands. The basins on the 
sea floor also have their counterpart on land in such basins as those of Ventura, Los 
Angeles, San Fernando, San Gabriel, and San Bernadino. 

Eleven major basins are present and as shown by Revelle and Shepard (1939, p. 
273, 274) they are the chief sites of deposition of the fine-grained debris carried out 
from the land. The near-shore basins have the flattest and broadest bottoms 
(Pl. 1) presumably indicating a greater filling by sediments. Several hundred sedi- 
ment samples taken from the E. W. Scriprs and many hundred others noted on Coast 
and Geodetic Survey charts indicate the characteristic presence of mud and a small 


amount of sand in the basins. Basins constitute about 21 per cent of the borderland. 


area, and other flat-bottomed muddy areas, such as the San Diego Trough, make up 
an addi‘ional 9 per cent. From this area of about one third the borderland, it has 
been impractical to obtain lithologic data except from a few small hills which rise 
above the sediment. 

Submarine mountains, many rising several thousand feet above their surroundings, 
separate the basins. Some of these mountains have deeply submerged summits. 
Others such as Cortes, Tanner, and Fortymile banks reach nearly to the surface, and 
still others rise above the surface as islands. Many of the submarine mountains have 
flat tops which, like the terraces on the islands and mainland, may be due to wave 
planation during the past. Charts of the U. S. Coast and Geodetic Survey record 
the characteristic presence of sand, gravel, or rock on the banks in contrast to the 
mud of the basins (Revelle and Shepard, 1939, Fig. 1, p. 248). Since the banks and 
other elevations are usually separated by basins, each is an individual unit for litho- 
logic study, although some correlations can be made from one to another. 


SAMPLES 


All large rock samples were recovered by large bucket dredges having a wire netting 
bottom. One type is cylindrical (Shepard and Emery, 1941, Pl. 5, fig. 2), 30 inches 
long, and has a diameter of 18 inches. A rectangular type 36 by 36 by 12 inches 
(Shepard, 1941, Pl. 2, fig. 1) was also used successfully. Small samples were ob- 
tained by a dredge made of a short length of 4-inch pipe. A few other small rock 
samples were obtained with a snapper (Hough, 1939, Fig. 15). Smali rock chips or 
pebbles were also found in some sediment samples taken by a large gravity corer 
(Emery and Dietz, 1941, Pl. 1). 
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The material obtained in the samples may be representative of the rocks out- 
cropping at or near the locality, or it may have been transported from a distant out- 
crop to the site of sampling. Various criteria distinguish which alternative is more 
likely for a given sample (Dangeard, 1928, p. 44-53). While no single criterion is 
infallible, substantial evidence is obtained by the concurrence of several. Features 
which suggest sampling at or near rock outcrops are as follows: 


(1) Fresh fractures 

(2) Large size of individual rocks 

(3) Abundant rocks of similar lithology 

(4) General angularity 

(5) Fragile or poorly consolidated rock 

(6) Catching of the dredge on rock firm enough to stop the ship’s progress abruptly 
(7) Strong pull on the accumulator spring of the dredging boom. 


Features of rock samples which suggest transport include: 


(1) Varied lithology 
(2) General rounded character 
(3) Small size of individual rocks. 


The widespread and deep beveled bank tops and the submarine canyons of the 
area indicate that waves, currents, and probably streams were important transport- 
ing agencies in the area during the past. Mudflows (Shepard and Emery, 1941, 
p. 94-103) and landslides on the sea floor may also be important. 

If, as seems likely, the banks and islands were already separated by basins when 
they were partially beveled by wave action, neither beach nor stream transport would 
have involved transport from one bank to another. Rafting by kelp (Emery and 
Tschudy, 1941), driftwood, and marine mammals (Emery, 1941) would have pro- 
vided only a small amount of transportation from distant areas. Accordingly, 
abundant rock of uniform lithology, even if obviously transported, may very likely 
have been derived from the same bank as that from which it was dredged (Twen- 
hofel, 1936). Conclusions as to the nature of rock outcropping on a bank may there- 
fore be based to some extent on samples containing transported pebbles, although 
samples consisting of freshly broken ledge rock provide a more certain basis. Fur- 
thermore, phosphorite containing numerous Miocene Foraminifera indicate the pres- 
ence of Miocene rocks at no great distance, even though the phosphorite may be of 
more recent age (Dietz, Emery, and Shepard, 1942). 


AGE AND DISTRIBUTION OF ROCK TYPES 


GENERAL 


The 5558 individual specimens have been separated into 27 major lithologic types. 
Classification was made chiefly by microscopic examination of freshly broken sur- 
faces and polished sections. Approximately 3000 polished sections were made. 
When necessary, chips were crushed and studied by oil-immersion methods. About 
200 thin sections were prepared. Age determination was made largely on the basis 
of foraminiferal content by M. L. Natland. Diatoms and megafossils also proved 
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of value. Age determinations of many of the rocks were also made by lithologic 
comparison with characteristic types of known age outcropping on shore. The 
latter method is obviously less satisfactory than identification through fossil content 
and was therefore restricted to more unique rocks. Chief of these are some of the 
Miocene cherts and limestones, and Franciscan metamorphics. 

Data on rocks outcropping on the islands were obtained from field work by the 
authors and published reports as follows: Los Coronados (Woodford, 1925); San 
Clemente (Smith, 1897b); Catalina (Smith, 1897a); Santa Barbara (Kemnitzer, un- 
published manuscript; Kleinpell, 1938, p. 164); San Nicolas (Kemnitzer, 1936, and 
unpublished manuscript); Anacapa (Yates, 1890); Santa Cruz (Bremner, 1932); 
Santa Rosa (Kew, 1927; Bremner, 1933); and San Miguel (Bremner, 1933). 

A rough picture of the lithology of the borderland is given by the frequency of 
occurrence of each rock type as shown in Table 1. Percentage frequency of the total 
number of rock fragments (5558) exaggerates the importance of rocks such as phos- 
phorite, barite concretions, and sandstone which were found as very numerous small 
fragments in several dredgings. At 105 stations, rock was taken at or near outcrops. 
The percentage of the 105 stations at which a given type of rock was found depends 


on the ease with which that rock can be broken from the outcrop by sampling devices. _ 


As a result, such rocks as mudstone and shale appear inordinately abundant com- 
pared to the volcanic rocks. Furthermore, because of the small number of stations 
at outcrops, the abundance of such rare rocks as barite concretions found only at one 
station is exaggerated. Percentage of the total number of stations (132) at which 
any quantity of a given type of rock was found may be more representative, but, 
because more than one type was found at most stations, the total of these percentages 
is more than 100 per cent. After reduction to 100 per cent, these percentage fre- 
quencies (Last column, Table 1) appear to be the best obtainable figures for the rela- 
tive abundance of the various types of rocks, but they, like all the other methods of 
expressing relative abundance, depend on the geographical distribution of the 
stations. 


SEDIMENTARY ROCKS 


Sedimentary types constitute 80 per cent of all the pieces of rock obtained from — 


the shelf bordering the mainland and 67 per cent of all those from the off-shore area 
beyond the shelf. In age the sedimentary rocks vary from Jurassic (?) to Quaternary 
(Table 2). The age at many stations was determined by fossil content or by litho- 
logic similarity to rocks of known age on land. 

The oldest, found west of San Nicolas Island along the top of the continental 
slope (Stations 121, 122, 124, 1251), are unfossiliferous sandstones and chert similar 
to Franciscan (Jurassic?) rocks of the mainland. 

Cretaceous rocks were identified only in the submarine canyon off La Jolla (Pl. 1, 
Stations 11, 12, 13, 14). The lack of other submarine outcrops of Cretaceous rock 
is in line with the absence of rocks of this age on the islands and on the coastal por- 


1 Italicized station numbers are those where rock is believed to have been taken from outcrops. More complete 
data are given in the appendix. 
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TABLE 1.—Percentage frequency of rocks 
Stations from 
Pieces a” All Stations 
was obtained 
Lithologi 
Percent- ercent- | Frequency 
a Number | age of Num- | Per- | Num- | ageof | (Previous 
total ber |centage|} ber 
100%) 
Sedimentary Rocks (total)............. 4052 | 72.9 91 | 86.7 | 188 60.2 
1333 | 24.0 17 | 26.2) 43 $2.5 13.8 
487 8.8 19 | 18.2} 38 | 28.7 12.2 
662 11.9 14 13.3) 30 1 22.7 9.6 
401 6 | 21 15.9 6.7 
257 4.6 12 11.4 19 14.4 6.1 
£ Conglomerate...... 192 | 3.5 4 | 3.8] 14 | 10.6 4.5 
y 190 3.4 5 4.8 12 9.1 3.9 
ot 202 3.6 1 1.0 2 1.5 0.6 
10 | 0] oo] 2] 1.5 | 0.6 
Bante concretions................5.. 250 4.5 1 0.9 1 0.8 0.3 
Manganese oxide................. 11 0.2 1 0.9 1 0.8 0.3 
1 0.0 0 0.0 0.8 0.3 
Igneous Rocks (total)................ 1261 | 22.7 | 10 | 9.5| 99 31.8 
132 2.4 0 0.0; 14 | 10.6 4.5 
23 0.4 0 0.0 8 6.1 2.6 
84 isd 0 0.0 7 5.3 ae 
10 | 0.2 0} 0.0! 4 | 3.0 1.3 
4 | 0.1 0 | 0.0} 4 | 3.0 1.3 
2 0.0 0 0.0 2 0.6 
Metamorphic Rocks (total)............| 245 4.4 4 3.6 | Zo 8.0 
1/09] 5 | 3.8 1.6 
Metavolcanics................... 9 0.2 0 0.0 3 2.3 1.0 ( 
2 0.0 0 0.0 2 1.5 0.6 I 
me ( 
Total of all types...................| 5558 {100.0 | 105 |100.0 | 312 | 100.0 ‘ 
i 
tion of the mainland except at La Jolla and northwest of Santa Monica Bay. (Jen- t 
kins, 1938). a 
Eocene rocks were found on the shelf south of La Jolla (Stations 6, 7, 8, 9), in La fi 
Jolla Canyon, particularly the northeast fork (Stations 10, 13, 14, 15, 16), and on s 
the shelf just north of San Nicolas Island (Station 1/2). In these areas Eocene rock r 
is abundant on the adjacent land (Hanna, 1926, p. 215; Kemnitzer, 1936). Santa 


Cruz, Santa Rosa, and San Miguel islands also consist in part of Eocene strata. Pp 
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On the mainland, Miocene sedimentary rocks are widespread along the coast from 
Oceanside to beyond Point Conception at the northwest edge of the borderland (Jen- 
kins, 1938) and are also reported from all the islands except San Nicolas. Although 
not occurring on the mainland south of Oceanside (Hertlein and Grant, 1944, p. 
45, 46), marine sedimentary rocks of Miocene or probable Miocene age are present 
on Los Coronados Islands, in Coronado Canyon (Stations 1, 2, 3), and in outer La 
Jolla Canyon (Station 19). Farther north, Miocene rocks are very abundant on the 
sea floor, identified either through faunal content or lithology in about two thirds of 
the rock samples from the shelf and canyons between San Pedro Seavalley and Huen- 
eme Canyon (Stations 22, 24A, 27, 29, 30, 31, 32, 33, 34, 35, 36, 38, 39?, 43, 44, 45?, 
46, 49). The close resemblance to those outcropping on the Palos Verdes Hills 
(Woodring, Bramlette, and Kleinpell, 1936) and the Santa Monica Mountains 
(Hoots, 1931) clearly shows a seaward continuation of the formations found on land. 
Phosphorite is an exception since it is much more abundant on the sea floor than on 
land; however, this material may be of Quaternary age though it contains reworked 
Miocene fossils (Dietz, Emery, and Shepard, 1942). 

A similar abundance of Miocene sedimentary rocks is found offshore just southwest 
of San Clemente Island, where practically every sample from the walls of the “Rift 
Valley” (Stations 71, 72, 73, 74, 76), and from the northwest slope of Fortymile Bank 
(Stations 67, 69, 70), contains probable Miocene rock. Miocene sediments are also 
present on parts of Thirtymile Bank (Stations 56, 58) and as transported fragments 
on Fortymile Bank (Stations 62, 65, 66). The paucity of Miocene sediments on San 
Clemente Island, where the rocks are dominantly Miocene volcanics, contrasts with 
their abundance on the sea floor to the southeast. Several small rock samples from 
the vicinity of Tanner and Cortes banks also contain sedimentary rocks of Miocene 
age (Stations 100, 101, 106, 107, 108, 110), indicating that these banks are in part. 
underlain by Miocene sediments. Similarly, Miocene rocks were obtained from the 
broad plateau at the edge of the borderland west of San Nicolas Island (Stations 121, 
122, 123, 124, 126). 

Rocks of Miocene age have been identified at 42 stations or 32 per cent of all the 
sea-floor stations. Ten additional stations (7 per cent of total) had phosphorite 
containing Miocene fossils or of that type (Table 3). At 23 stations Miocene rock 
other than phosphorite was adjudged to have been taken at or near outcrops. The 
fossils show that practically all the material is of Middle or Late Miocene age. The 
rocks in decreasing order of number of stations are limestone, mudstone, chert, shale, 
conglomerate and sandstone (Table 2). Phosphorite, because of its special problems, 
was omitted from Table 2 though it indicates the proximity of Miocene rocks where 
it contains Miocene Foraminifera. Krynine (personal communication) pointed out 
that this order of abundance contrasts with the Miocene as known on land where shale 
and sandstone are much more abundant than limestone. The processes which led to 
formation of rounded cobbles on the sea floor probably concentrated the more re- 
sistant rocks like limestone and chert so that they appear more frequent than the less 
resistant shales and sandstones. 

There appears to be a scarcity of Pliocene rocks in both the submerged and exposed 
portions of the borderland. Submarine sampling produced Pliocene material other 
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than phosphorite only in San Pedro Seavalley (Station 24), in Santa Monica Canyon 
(Station 35), in two samples off the northeast side of San Clemente Island (Stations 
$4, 87), and in one sample from the sill at the south end of San Nicolas Basin (Station 


TaBLE 3.—Phosphorite 


Containing Miocene fossils containing Indeterminate age 
Sta- Sta- Maxi-| Maxi- 
station number | berof | diameter | | Maximum diam-| tion | diam-| 02 | ber of | diam- 
pieces (cm.) pieces Hac pieces ber Pieces 
50 15 55 | 1 | 1 (in ande-| 19} 1 5 6 | 0.7 
35 28 4 sitecobble)| 27 | 86 | 16 | 38 f+) 2 
56 1 5 29} 1 3 1 Ot 1 | 0.6 
58 ? (nodules} 58 | 6 | 25 (matrix) 33) 
in cgl.) 
62 ? (nodules} 62 | 2 | 32 (matrix) 60 | 35 
in cgl.) 
65 6 3 126 | 6 | 60 (matrix) 68 | 2 1.5! 80 e i2 
67 100 22 74; 1 S 1% 
69 300 30 107 | 10 4 | 97 
70 461 15 109 | 5 3 | 98 12 
71 6 30 110 | 3 2 | 1@ |2 
100 2 1 119 | 2 4 |113 2 |4 
108 125 | 4 4 |117 
121 100 18 127 6 | 0.3 
122 2 4 
123 9 35 
124 40 30 
126 ? (nodules 
in cgl.) 
Total ..... 17 4 12 13 
Average number of 
PICCES. 74 4 13 4 
Average maximum diameter— 


* Italics refer to outcrop localities. 


89). From the elevation which forms the southeast end of the ridge through Tanner 
Bank a fragment of mudstone (Station 107) contains Foraminifera ranging in age 
from lower Miocene to Pliocene. 

At three stations Pliocene Foraminifera were found in a phosphorite matrix enclos- 
ing nodules containing Miocene Foraminifera. At one additional station phosphorite 
having Pliocene Foraminifera occurred in a pholad boring in an andesite cobble. 
Because of the poor consolidation of Pliocene mudstones this material in some other 
samples may have been mistaken for Quaternary muds. Therefore, when the Fora- 
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minifera in sediment samples from the area have been more completely investigated 
the number of submarine Pliocene outcrops may be increased. 

Unconsolidated Quaternary sediments are, of course, widely distributed, mostly as 
fillings in the basin and trough areas. Great thicknesses of such sediments exist in 
basins on land (Reed, 1933, p. 240). On submarine topographic highs Quaternary 
deposition may be represented only by the widespread phosphorite and foraminiferal 
sands. 

Phosphorite presents a rather difficult problem in a study of lithology. At 17 
stations (Table 3) phosphorite containing Miocene Foraminifera was found in samples 
consisting of an average of 74 fragments having an average maximum diameter for 
each station of nearly 20cm. At 12 other stations containing an average of 13 frag- 
ments having an average maximum diameter of only 4 cm. no Foraminifera could be 
identified, but these samples showed lithologic affinities with those containing Miocene 
Foraminifera and are therefore probably of similar origin. At 13 other stations both 
the number and size of fragments was too small for lithologic comparison. At 3 sta- 
tions large blocks of phosphorite contained nodules lithologically and faunally like 
the more common phosphorite cemented into conglomerates by a matrix of a light- 
brown open-textured phosphorite. This matrix contains Pliocene or Quaternary 
Foraminifera and is therefore unquestionably of Pliocene or Quaternary age. The 
phosphorite containing Miocene Foraminifera may be of Miocene age, in which case 
it is enormously more abundant on the present sea floor than on land at Miocene 
outcrops. This fact, with others, led Dietz, Emery, and Shepard (1942, p. 839-844) 
to consider that it was more likely of Pliocene or Quaternary age but contained abun- 
dant reworked Miocene Foraminifera. If the latter were true, the content of Mio- 
cene Foraminifera at least indicates the proximity of Miocene rocks, and it is therefore 
significant in estimating the location and abundance of Miocene rocks. 


IGNEOUS ROCKS 


Igneous rocks constitute 22.7 per cent of all the rock fragments or 9.5 per cent of the 
outcrops, or 31.8 per cent relative frequency (Table 1). No outcrops of granitic rocks 
were found. However, granite cobbles in a number of samples from Santa Monica 
Bay, particularly at the head of Santa Monica Canyon (Stations 33, 35), and a few 
rounded granite pebbles in samples from San Pedro Seavalley (Station 26), Redondo 
Canyon (Station 28), Dume Canyon (Station 40), and Hueneme Caryon (Stations 
46, 47, 48, 49) may have been derived from the granites or aplites of the near-by 
Santa Monica and San Gabriel mountains (Hoots, 1931, p. 89, 90; Jenkins, 1938). 
Other occurrences in the borderland of debris from granites are too rare to deserve 
much attention. A few samples contain diorite or granodiorite (Stations 34, 49). 

In contrast to intrusives, volcanics are found in many rock samples (Table 1), par- 
ticularly in those from the offshore area. Chief of these are andesite and basalt which 
were classified according to the method described by Johannsen (1931). Andesite 
is the most common, but from the nearshore area it is known only on Los Coronados 
Islands and in Coronado Canyon (Stations 1, 2). Farther offshore it is very abun- 
dant, being found on two hills in the bottom of San Diego Trough (Stations 92, 93), 
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on another hill southwest of Coronados Islands (Station 53), on Thirtymile Bank 
(Stations 54, 55, 56, 57, 58), Fortymile Bank (Stations 63, 64, 65, 66, 67), and on the 
slope northeast of San Clemente Island (Stations 78, 79, 80, 81, &2, 83, 84, 85, 86). It 
is also present in samples from the slope northwest of Fortymile Bank (Stations 69, 
70) and on the elevation southeast of Tanner Bank (Station 107). In addition, most 
of the islands of southern California contain outcrops of andesite, and San Clemente 
Island consists dominantly of this rock. 

Basalt is less common. It crops out in Dume Canyon (Station 37) and is found 
in small samples from Cortes Bank (Stations 101, 102, 103, 104) and from the eleva- 
tion southeast of Tanner Bank (Stations 108, 109) and Northeast Bank (Stations 117, 
118). It is also found at the base and top of the continental slope east of San Juan 
Seamount (Stations 127, 128) and on San Juan Seamount (Stations 129, 130, 131), 
On land basalt is also found in small outcrops at Point Dume, the Palos Verdes Hills, 
and other points along the coast. 

Rhyolite and dacite were usually encountered only as rare fragments among large 
rock samples. The only area in which either was dominant is the small elevation 
between Catalina and San Clemente islands, where a single dredging (Station 91) 
consists only of rhyolite. Like andesite and basalt, rhyolite is found on most of the 
islands, but dacite is reported only from San Clemente. 

Little can be stated regarding the limits of outcrop of volcanics except that andesite 
probably dominates in the eastern half of the borderland, while basalt is more com- 
mon in the western half. San Juan Seamount, which consists of basalt, is probably a 
volcanic cone. Lack of olivine and laboradorite indicates that the rock of the sea- 
mount is not more basic than basalts from the borderland, but the small amount of 
material recovered was so highly weathered that identifications were indefinite. 

The limitations in submarine geological work make it particularly difficult to deter- 


mine the age of igneous rocks. Extrusives found on the islands, however, are re- | 


ported to be of middle or upper Miocene age. Similar rocks on the adjacent mainland 
are of the same general age (Woodring, Bramlette, Kleinpell, 1936, p. 135; Soper, 
1938, p. 165, 166). By analogy a probable Miocene age may be assigned to the 
volcanics of the sea floor. 


METAMORPHIC ROCKS 


On the basis of lithologic and mineralogic character many metamorphic rocks 
recovered from the borderland are assigned to one of the series of metamorphics 
found on land. Exposed Franciscan (Jurassic?) metamorphics in the borderland 
region occur on Catalina Island (Woodford, 1924). Santa Cruz Island also consists 


in part of metamorphic rock which is thought to be of Triassic-Jurassic age but not 
necessarily Franciscan (Bremner, 1932, p. 13). Along the mainland coast, Francis- 
can rocks are found in the Palos Verdes Hills (Woodford, 1924, p. 49-51), and farther 
inland other metamorphic rocks, largely slates, occur in the Santa Ana Mountains. 

On the sea floor metamorphic rock was encountered in the vicinity of Sixtymile 
Bank (Stations 50, 51). The material from this area contains some crossite and is 
therefore considered a Franciscan schist (Woodford, 1924). A near-by bank yielded 
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schist (Station 52) which appears to be more like the Pelona series of the pre-Cambrian 
than to the Franciscan (A. O. Woodford, personal communication). Pebbles of 
various types of metamorphics are thinly but widely distributed near Fortymile and 
Thirtymile banks, being found in 11 reck samples (Stations 5, 58, 59, 62, 63, 65, 66, 
67,69, 70,71). Some of the specimens, though small, resemble the Franciscan schists 
in that crossite or glaucophane is present. Other small schist fragments were found 
in bottom samples from near Catalina Island (Stations 95, 96, 97). 

Cobbles of schists similar in their content of glaucophane and crossite to those of 
the Franciscan (Jurassic?) were found in a dredging in Coronado. Canyon (Station 1). 
These are probably derived from the Miocene San Onofre formation, a probable phase 
of which crops out on the near-by Los Coronados Islands (Woodford, 1925, p. 163, 
182, 183, 200). Similar material was obtained in La Jolla Canyon (Station 19). 

Meta-igneous pebbles similar to those of the Black Mountain (Triassic-Jurassic) 
series were found in dredgings from the shelf off San Diego (Stations 6, 7, 8), from La 
Jolla Canyon (Stations 10, 13, 14, 15, 16), and from Carlsbad Canyon (Stations 20, 
21). These rocks are well rounded, and some are cemented into a conglomerate. 
All are probably from Eocene conglomerates which on the near-by land are composed 
mostly of similar meta-igneous cobbles. 


PALEOGEOGRAPHY 


Reed (1933) published a series of paleogeographic maps of southern California and 
the adjacent sea floor. This set was reproduced with minor changes by Reed and 
Hollister in 1936. The submarine portion of these maps was based almost entirely 
on rock outcrops on islands, because no sea-floor samples were available. Now, how- 
ever, enough samples have been obtained to ma’.c possible a partial check of the 
maps. 

According to Reed (1933, p. 28, 73) the major part of the borderland has a Francis- 
can basement, while “Anacapia” (a mass which includes Anacapa, Santa Cruz, 
Santa Rosa, and San Miguel islands) is underlain by granite. Among the sea-floor 
samples, pebbles of Franciscan sediments and metamorphics were found over much 
of the area, while granite pebbles were found in abundance only near ‘‘Anacapia.” 


Thus the new data support Reed’s division of the borderland, even though few of the ~ 


samples consist of rock obtained from outcrops. 

During the Cretaceous, as indicated by Reed (1933, p. 116), much of the borderland 
was probably low land or shallow sea. Cretaceous rocks are reported from none of 
the islands and were not found in dredgings except near the shore at La Jolla. Simi- 
larly Eocene rocks were recognized only near San Nicolas Island and near La Jolla 
where their occurrence represents no disagreement with Reed’s maps (Reed, 1933, p. 
143). No Oligocene rocks were identified in the samples, thus indicating that there 
may have been no deposition in the borderland at this time (Reed, 1933, p. 139). 

Likewise sparsely distributed are samples containing lower Miocene rocks. These 
were only tentatively recognized by incomplete foraminiferal evidence at two stations 
(107, 126). Both stations lie near the southwestern boundary of the “San Pedro 
Peninsula” (Loel and Corey, 1932, p. 50; Reed, 1933, p. 165). 


i 
j 
hil 
4 
if 
. 


444 .K. 0. EMERY AND F. P. SHEPARD—LITHOLOGY OF SEA FLOOR 


On the basis of island outcrops Reed (1933, p. 185) indicated a Middle Miocene 
land area south of the Santa Cruz Island group. Corey (1936) also postulated a high. 
land in this general vicinity. The presence of a land area, “Catalinia,” somewhat 
farther south was suggested by Woodford (1925, p. 237, 238) to account for the pres. 
ence of the San Onofre breccia along the mainland coast. This breccia is said to be 
the result of mudslides from a highland. At present these areas are largely occupied 
by basins. Few rock samples were taken there, and these added little to the data 
available from island outcrops. However, many sea-floor samples containing an 
identifiable fauna were obtained south of San Clemente Island and San Nicolas 
Island, where they show that marine Middle Miocene is abundantly represented, 
Therefore, during the Middle Miocene “‘Catalinia” was probably more restricted 
than is shown by Reed’s map. Probable San Onofre breccia on Los Coronados 
Islands and Franciscan metamorphics on the banks directly offshore from these 
islands may indicate the presence of another former land area perhaps separate from 
“Catalinia.” 

Because of the wide distribution of upper Miocene rocks on the islands Reed (1933, 
p. 218) showed most of the borderland as occupied by seas. This conclusion was 
supported by the dredging of many fossiliferous upper Miocene rocks within this area, 


Other rocks having no identifiable fauna were assigned a Miocene age through litho- f 


logic resemblance to rocks on land. Although the part of the Miocene to which each 
of these rocks belongs is uncertain, their abundance shows that at some time during 
the period the sea covered most of the borderland. 

Reed’s (1933, p. 252) Pliocene—Early Pleistocene map indicates that a landmass 
was present over most of the borderland, but Reed and Hollister (1936, p. 45) suggest 


that marine deposits of this age may occur throughout the area. As indicated pre- § 


viously Pliocene sediments were recognized in only four of the sea-floor samples; 
two stations on the northeast submarine slope of San Clemente Island, one station 
southwest of the island, and one station in San Pedro Seavalley. All but the San 
Pedro Seavalley locality lie within the landmass shown by Reed, so that his boundaries 
should be somewhat modified. Furthermore, most of the offshore basins probably 
contain Pliocene deposits buried beneath more recent sediments. 


TIME OF CANYON CUTTING 


The walls of many of the California submarine canyons consist of well-consolidated 
rock, which must have been deposited before the canyons were formed. Where the 
age of this rock can be determined, an age limit for the canyons is indicated. Walls of 
La Jolla Canyon are composed of Cretaceous, Eocene, and Miocene rocks. Other 
canyons having walls composed in part of middle or upper Miocene sedimentary rocks 
are Coronado, San Pedro, Redondo, Santa Monica, Dume, Mugu, Hueneme, and 
Tanner canyons. Poorly consolidated Repetto (Pliocene) mudstone was dredged 
from the wall of a branch of San Pedro Seavalley, so it seems likely that at least this 
valley was formed in post-Pliocene time. Other lines of evidence from this and other 
areas suggest that these world-wide features were formed during the Pleistocene 
(Shepard and Emery, 1941, p. 126-133). 
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TIMES OF DIASTROPHISM 


On many of the banks and islands, bedded upper Miocene shale, chert, and lime- 
stone have been found. These sediments are entirely different from those being 
formed in the present bank environments and presumably were formed in a broad 
embayment or basin. Late Miocene or post-Miocene diastrophism must, therefore, 
have broken up the borderland into blocks and basins. Suggestive of a post- 
Miocene—pre-Pliocene time of block initiation is the extreme scarcity of Pliocene 
marine sediments either on the islands or on the sea floor. If the blocks were 
initiated in pre-Pliocene time, sediments of Pliocene age would have accumulated 
largely in the basins where they would nv w lie deeply buried, just as in the Los Angeles 
and Ventura basins where great thicknesses of Pliocene sediments are encountered in 
drilling for oil (Reed and Hollister, 1936, p. 113; Natland, 1933). The most likely 
place where these sediments might be re-exposed is at the basin margins where recur- 
rent faulting might bring them to the surface. The finding of Pliocene sediments at 
two stations on the scarp northeast of San Clemente Island supports this suggestion. 
Submarine elevations are now kept largely free of sediments, and it is reasonable to 
assume that the same would also have been true during the Pliocene. Therefore, the 
general absence of material of Pliocene age on the banks and islands may indicate 
that these areas were already topographic highs during the Pliocene. 

An indication of more recent diastrophism is derived from a study of the submarine 
slopes. The slopes bordering most of the mainland shelf and the slope northeast of 
San Nicolas Island are incised by submarine canyons suggestive of a fluviatile origin. 
On the other hand, the slopes which particularly resemble fault scarps like those 


© northeast of San Clemente Island, along Fortymile Bank, and in the western part of 


the borderland (the continental slope) are virtually uncut by submarine canyons, 
suggesting that these scarps were formed or modified after the time of canyon cutting. 
If the canyons are Pleistocene in age, as suggested elsewhere (Shepard and Emery, 
1941, p. 126-133), then these faults appear to be Pleistocene or Recent. Also the 
Newport-Inglewood ‘“‘fault” (Reed and Hollister, 1936, p. 125-133) appears to form a 
landward continuation of the scarp on the east side of the San Diego Basin and the 
Long Beach earthquake with an epicenter off Newport (Wood, 1933) presumably was 
caused by a recurrent movement along this fault. Many other recent earthquakes 
have been located off the southern California coast (Richter, 1940). 

Also indicative of relatively recent movements are the fresh-looking terraces ob- 
served on most of the islands and recorded by earlier workers (Lawson, 1893; Smith, 
1900). 

The absence of any appreciable continental shelf along the northeast side of San 
Clemente Island, southwest of the Palos Verdes Hills, and in some other sections of 
the mainland indicate that movements have been tou recent locally to allow much 
wave truncation. On the other hand, the presence of a narrow shelf at a nearly 
uniform depth along most of the mainland coast and surrounding most of the islands 
indicates that differential movements at these places have not been of general impor- 
tance for a considerable period of time. 
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SAN CLEMENTE “RIFT” VALLEY 


On physiographic grounds it appears that there may have been large horizont,| 
shifting along the San Clemente “Rift” Valley (Shepard and Emery, 1941, p. 21-33), 
Comparison of rock samples from this area provides a possible test. 

Dredgings from the summit of Fortymile Bank consist mostly of volcanics, while 
those from the north end of the bank are chiefly of Miocene sedimentary rocks. The 
samples in the “Rift” Valley show that it is a continuation of the Miocene sedimen. 
tary rock area which forms the north slope of Fortymile Bank. Samples from both 
walls consist of similar rocks. Northwest of the valley along the scarp which border 
San Clemente Island, Miocene sedimentary rocks are generally absent, and in their 
place occur volcanics like those of the adjacent island, which also is composed domi- 
nantly of volcanics. Both the high areas—San Clemente Island and Fortymile Bank 
—consist dominantly of hard extrusives, while the low area between, in which the deep 
valley exists, consists of sedimentary rock. This distribution of rocks is not particu. 
larly suggestive of horizontal movement along the scarps, but the lithologic data are 
not very complete and are not conclusive. 


PRESENT MARINE UNCONFORMITIES 


Because there is little or no clastic deposition at present on the tops of banks 
(Shepard, 1941) only sand composed of the tests of Foraminifera and other organisms 
and grains of authigenic glauconite and phosphorite can accumulate. Apparently 
deposition of these materials is very slow since bare rock surfaces or loose cobbles 
are exposed at many places. 

Some subround to round cobbles lie at great depth (Appendix and Fig. 1). A single 
rounded cobble in a dredging may have been rafted to the sampling locality, but when 
three or more such cobbles are present in a single dredging far from shore rafting is 
highly improbable. 

That rounding processes are not active at present is indicated by the presence of 
encrusting organisms on many cobbles or on other associated rocks. These organisms 
are particularly abundant on rocks from water shallower than about 450 feet (Fig. 1). 
Organic encrustations and thin coatings of manganese oxide and phosphorite (Fig. 1; 
Pl. 2, fig. 4; Pl. 3, fig. 1) found on many cobbles would probably be removed by 
violent rolling. Many rocks instead of becoming rounded are being made progres- 
sively more angular through the action of boring mollusks as noted by Barrows (1917). 
Most of the borings are bottle-shaped cavities which altogether make up a large 
portion of the rock volume (PI. 2, fig. 2). The borers’ activity is not restricted to soft 
rocks since their holes are also found in hard volcanics (PI. 2, fig. 4). Although more 
common in shallow depths, borings were found as deep as 3600 feet, but it is not 
known whether they were made at such depth or whether submergence has taken 
place subsequent to the boring activities. In many dredgings there are several rocks 
of similar lithology, all containing borings. For at least these samples, transportation 
after the time of boring is unlikely. 

Rounded cobbles were found in rock samples at considerable depth in submarine 
canyons and on banks. Those from canyons may have originated through fluviatile 
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processes, and those on banks may be due to wave action when the continental 
borderland or portions of it stood relatively higher. The deepest dredging off 
southern California containing cobbles was made in the San Ciemente “Rift” Valley 
at a depth of 3600 feet (Pl. 3, fig. 3). The maximum depth of cobbles obtained from 
the banks is 2880 feet, but rounded fragments were most numerous in samples from 
depths of less than 600 feet. 

Rocks in many of the drags are somewhat weathered, another indication of an 
unconformity. This is commonly shown by the presence of an outer oxidized layer 
of lighter color than the fresh rock in the center and ranging up te about 1 centimeter 
in thickness. Chemical weathering is also shown by the alteration of olivine to ser- 
pentine and by the development of palagonite in the rocks from San Juan Seamount. 
Whether the weathering took place only under earlier subaerial conditions or is con- 
tinuing subaqueously is unknown. 


INFLUENCE OF MAN 


Although man’s influence on harbors and beaches is well recognized, his effect on 
the offshore areas is not so fully appreciated. Rather striking is the large number of 
articles dropped from ships and found in sea-floor dredgings. A broken oarlock, tar 
buckets, paint cans, a beer can, a possible kite tail, rubber tubing, broken glass, and a 
match box were recovered in dredgings off southern California. Cinders from ships’ 
fire boxes were found at only three stations but are reported as very abundant in 
dredgings from deep water in the Atlantic steamer lanes (Peach, 1912). Although 
only the cinders are likely to remain undecomposed and be incorporated permanently 
in the sediments, the finding of other more perishable articles also shows the extent of 
man’s activity. 


SUMMARY AND CONCLUSIONS 


Examination of dredge and core samples of the sea floor off southern California has 
shown that rock is present at many places on the shelves, on submarine canyon walls, 
and on submarine elevations but is absent in the basins and troughs. The age of 
many of the sedimentary rock samples was determined by M. L. Natland and K. E. 
Lohman through their content of Foraminifera and diatoms. General age identifica- 
tions were made by a lithologic comparison with rocks found in outcrops on land. 

Miocene or probable Miocene sedimentary rocks were found very widely distributed 
in the continental borderland, occurring in over one third the reck samples. Vol- 
canics found in many other samples may alxo be of Miocene age, judging by the 
abundance of Miocene volcanics on the off-shore islands. Rocks of other ages were 
also found in a few localities. Schists were encountered in abundance only in the 
southern portion of the submarine region, but isolated fragments of Jurassic (?) 
metamorphics were found at a number of other points. Abundant sandstone of 
probable Jurassic age was found near the western margin of the area. Cretaceous 
rocks were identified only near La Jolla and San Nicolas Island, although they also 
outcrop on the Santa Cruz chain of islands. Olyocene rocks were not recognized. 
Likewise, Pliocene sediments seem to be very sparingly present, being recognized 
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principally near San Clemente Island. In general, the distribution of the rocks 
the sea floor conforms to the paleogeographic maps given by Reed (1933) and Reed 
and Hollister (1936), though changes are necessary for the Middle Miocene and the 
Pliocene maps. 

The widespread distribution on the sea floor of rocks similar to those found on land 
precludes the possibility that the continental borderland off southern California isa 
wave-built terrace dislocated by faults. Rock is present on the banks and the 
shelves and also forms the walls of submarine canyons which cut the shelves. The 
numerous rock samples from La Jolla Canyon and other canyons substantiate this 
point. On the wall of one canyon partially consolidated Pliocene sediments were 
found, indicating that at least this canyon was formed in post-Pliocene time. 
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EXPLANATION OF PLATES 2 AND 3 
Pirate 2.—ROCK DREDGINGS 

Figure 
1.—Station 12, a dredging from a depth of 210 feet in La Jolla Canyon, showing the large quan- 
tity of Chico (Cretaceous) shale broken from the canyon walls. The large piece, upper left, is 45 
cm. long. In contrast is the small size of the shale pebble from Station 13 and the round meta- 
volcanic pebble from Station 10. Note also the kelp holdfasts picked up on the near-by beach. 

2.—Limestone from Station 23, at a depth of 720 feet in San Pedro Seavalley, showing numerous 
borings made by organisms. Largest fragment is about 13 cm. long. 

3.—Concretionary limestone recovered at Station 39 from 1380 feet in Dume Canyon. The origin 


of the hollow tube 60 cm. long is unknown. 
4.—Rounded cobble of andesite which was bored by pholads after rounding. Phosphorite con- 


taining upper Pliocene or Quaternary Foraminifera partially fills some of the borings. A thin phos 
phatic film also covers the surface of the cobble. (Station 55, 1020 feet, Thirtymile Bank) 
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FIGURE 4 


EXPLANATION OF PLATES 2 AND 3 


PraTE 3.—ROCK DREDGINGS 

Figure 
1.—Andesite block from Station 56, 1170 feet, Thirtymile Bank. Phosphorite forms a thin sur- 
face covering. Note that encrusting organisms occur only on the top of the rock, indicating the un- 
buried portion. 

2.—Partially rounded rocks from Station 65, 300 feet, Fortymile Bank. Note that many of the 
rocks were broken in the laboratory. The large cobble of andesite, upper left, is 12 cm. in diameter. - 

3.—Material recovered at Station 71 from a depth of 3600 feet in the San Clemente “Rift” Valley. 
Note on the right the large pieces (45 cm. long) of fragile mudstone which could not have endured 
much transportation. In contrast are several rounded cobbles of volcanics. 

4—Rocks dredged at Station 1 24 (1620 feet) and Station 126 (780 feet). Most of the material of 
each dredging, including the largest blocks, consist of phosphorite. The large phosphorite block at 
the upper right is 60 cm. in diameter. 
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